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ABSTRACT 

tats tectonic extension faults and extension fractures '1 

may form abundantly in steep limbs of detached anticlines, The 

Devonian Brallier formation of the central Appalachians 

is the unit that has undergone the- greatest amount of 

extension faulting and fracturing, among Upper Ordovican to 

Lower !9issi&ippia units exposed and studied on the nokthvest 

limb of the OilLls !!ountain anticline, Gravity data and analogy 

with exposures on the northvest limb of the gills Mountain 

anticline indicate that the Blackvater and Glady - 

anticlines may also have thinned and fractured Brallier on 

their northwest linbs in the subsurface, Given the 

underlying dark shale source and updip thickened shales as 

a Seal, these volumes may contain gas in a fractured 

reservoir, 
a 

-1 ..I 
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INTRODUCTION 

Fracture is defined by Dennis (1967) as a surface along 

uhich loss of cohesion has taken place, Therefore, unless 

the tern is restricted by use of a modifier or used in 

conjanctioa uith the term fault, fracture as used herein, 

will include faults, joints, and fissures. Uhen used in 

conjanctioa with the term fault, fracture is defined as a 

surface along which little or no slip has occurred 

(joint or fissure), Uhea used with a prefix, such as extension 

fracture, then the term is restricted to those fracture 

surfaces formed by bed-parallel extension, as defined and 

characterized in the main text of this thesis. 

The purpose of the thesis is to investigate a B 
particular class of bed-extending brittle structures known 

as extension faults and extension fractures. These forled 

late during the qrovth of anticlines in the detached 

tectonics characteristic of the central Appalachians. A 

specific goal of this investigation is to develop a 

predictive tool for the subsurface locations of unusually 

fractured rock in the fliddle and Upper Devonian elastic 

sequence. 

The field area investigated in this thesis was 

primarily the northwest limb of the Uills dountain 

anticline, which extends through Penasylvania, naryland, 

5iest Virginia and Virginia. Other sap-scale anticlines 

near the Wills Eountain anticline were examined, as vell 
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as localities in Pennsylvania that expose outcrop-scale 

kink folds or kink-bands and vhich were suggested by Dr, 

8, T, PailL (written communication, 1978). Conclusions 

and speculations apply to these areas and to larger parts- 

of the central appalachians, chiefly in West Virginia. 

The thesis is composed primarily of four short 

4 ' 
. . 

, -. 

aaauscripts, each having separate title, authors and 

abstract, and each building on or extending. the last. The 

references and acknouledgements are a coebiaed list from 

I, all four manuscripts. These is a separate section 

r- T containing conclusions based on the vork reported in the 

four manuscripts. Each manuscript has been or will be 

submitted for publication. 

I 

r-. 

I.. 

Each manuscript addresses the problem of predicting - 

vhere the greatest amount of bed extension occurs, The 

first manuscript introduces the concept of fold-related 

brittle extension structures, It presents a relative tiae 

sequence for typical central appalachian faulting and 

associated fracturing, and describes general field 

criteria for differentiating betueen earlier faults and 

the later extension faults. This manuscript refines a 

three stage aodel originally conceived by Dr. William J- 

Perry, Jr., of the 13. S, Geological Survey, Restoa, 

Virginia. Field work vas done by all three authors, but 

most of the manuscript is based oa 4 tera paper vrittea by 

. . 
! 

, i 

*I 

I 

I 
* 1 - 

.I . 
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the senior author and his field vork at Pinto, naryland, 

The second manuscript develops an approximate 

mathematical model using measured values of horizontal 

shorteainq to estimate the ninimua bed dip at vhich 

extension structures will occur- This information places 
m 

geographical coasttaints on areas vhich may be investigated 

for gas-bearing porosity or permeability produced as 

extension fractures or extension faults. The equations in 

this manuscript vere developed by Dr. Russell. L. Uheeler. 

The third manuscript concentrates on extension 

faults, as described and defined in the first manuscript, 

and represents the result of field investigations in the 

area delineated in the second manuscript, The third 

manuscript describes the stratigraphic distribution of 

extension faults in and near the Devonian elastic sequeace 

and especially ralates abundance of extension faults to 

structural position, It is also concerned vith the 

relationship betveen the extension faults and large 

fold-related splay faults rising from deeper detachments. 

The manuscript estimates the contribution of extension 

faulting to anticlinal growth and estimates relative 

amounts of extension in fold limbs so that linbs may be 

selected uhich are most likely to contain gas in fractured 

reservoirs. The equations in the manuscript vere derived 

by Dr. Russell L, Wheeler. 
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The fourth manuscript uses a kink-band aodel of fold 

development to estimate the amount of extension in the 

kink-band or in the more rotated. limb of a kink fold- The . . 
extension can occur as porosity and permeability producing 

fractures or faults as described in .the first and third 

manuscripts, The kink-band model of fold developmen? is 

probably the. best explanation for the obssrved qeoaetric 

form of major folds i.n the central Appalachians, Field 

criteria are given .for differentiatinq between folds of 

kink-band origin and those of buckling origin, The nap 

distribution of gravity lows is used to axpiain the 

distribution of extension faulting from manuscript three 

in a kink fold mOd81, Drillinq areas are suggested for 

f ractored reservoirs. 

. . 
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Three-Stage Bode1 of Brittle Deformation in the Central Appalachians 

Philip S, Bergerl, Uilliaa J. Perry, Jr.*, and Russell L, Uheeletl 
r. - 
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ABSTRACT 

Recent fielduort in the central Appalachians sbous 

the applicability of a three-stage model of brittle 

def oraa tioa, Distinct minor structures form at specific 

times during overall horizontal shortening and rap-sca.le 

folding. Stage I contraction faults shorten horizontal or 

gently dipping beds and ars closely associated with 

wedging- Stage II uplimb thrust faults shorten folded beds 

hingevarb Stage III extension faults and extension 

fractures leagtheu steeply dipping to overturned beds. 

Opening or shearing directions of fractures and 

crosscutting relatioaships of faults, other fractures, and 

stylolites allow distinction of the three stages- Stage 

III may have produced fracture porosity and permeability 

on steep limbs of anticlines, Pe propose a three- stage 

model of outcrop-scale fault and other fracture 

development for steeply dipping to overturned beds in 

-----u-----------------~------------------------- 

IDepartment of Geology and Geography, West Virginia 

University, Horgantoun, Uest Virginia 26506 

*u. s, Geological Survey, Reston, Virginia 22092 

In press, SOUTHEASTERN GEOLOGY 
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&stern west Virginia and adjacent areas. Less rotated 

beds may show at least two of the stages. Kinematic 

analysis of faults. and other fractures allows 

differentiation of the three stages, 

Structural Style 

The central Appalachian foreland has many detached 

anticlines bat few outcropping major thrust faults, The 

anticlines are interpreted as active features generated 

mainly by duplicatioa of strata by ramping of underlying 

thtust f anlts, by spla$ faults, and bp ductile flow of 

shale-rich intervals into anticlinal crests (Perry and de 

Yitt, 1977, Perry; 1978, Uheeler, 1975). The synclines are 

regarded as passive features resulting froa anticlinal 

growth in adjacent rocks, rather than from active 

dounbuckling (Guinn, 1964). 

Ye deal with the sequence of outcrop-scale structures 

that formed at specific times during overall 

southeast-northvest horizontal shortening and vertical 

extension. Ue assume that each individual structure formed 

in an orientation that allowed it to accommodate soae of 

that horizontal shortening, or vertical extension, or 

both. 

The first-order anticlines (Nickelsen, 1963, p. 76) 

of the western Valley and Ridge and the Allegheny Plateau 

provinces formed predominantly by flexural slip folding 

I 
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(Paill, 1969), rather than by passive or flexural flov 

folding (Gair, 1950), Interlayering of shales and 

eraboritss vitk sandstones, siltstones or limestones 

allovs slip betveeo units of lov. relative ductility. Stage 

I: structures form before folding, or early during folding, 

vhea the angle betveen bedding and the maximum principal 

compressive stress is less than about 10 degrees. 

.Experinents at room temperature and confining pressures to 

2000 bars (equivalent to about 6 km in depth) suggest that 

slip parallel to bedding is possible when the angle 

betveea the maximum principal compressive stress and 

bedding ranges from 10 to 60 degrees (Price, 1967). Stage 

If structures fora in this range of limb dips (see belou), 

Stage IIT structures form in respoase to additional 

horizoatal shortening, late in or after folding, vhen 

steep limb dips preclude further slip parallel to bedding. 

These structures form when the angle betveen bedding and 

the maximum principal compressive stress exceeds about 60 

degrees, These conclasions are reinforced by the 

finite-element derived stress-history of folding 

(Dieterich and Carter, 1969). 

Price (1967) described extension and contraction 

structures from the Canadian Rocky nountains using the 

fault terminology of Sorris (1958). we report the same 

types of structures from the central Appalachians, placing 

. 
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field criteria for differentiating aooag stages, 
i 

STAGE X STRlJCTURRS,-Cloos (1964) first recognized 

and naPed the prefolding wedges common in the central 

Appalachians, Uedges are the wedge-shaped ends of Swill 

fault blocks in which the bounding contraction faulk 

(Norris, 19%) form angles of 30 degrees or 18SS to 
1 

bedding, Examples provided by Cloos (7964, figs. 2, 3. 4 

and 6) involve brittle layers (sandstone and limestone) 

vhich have been "sheared, uedged, and telescoped together" 

i 

_. i 

in a more ductile medium (shale), This process of 
! . 

., 

contraction faulting shortened the stratigraphic S3CtiOa 

in a aorthvest-southeast direction and thickened it 

perp8ndiculac to bedding prior to or early during folding. 

Such contraction faults can form dipping in either 

direction (northwest or southeast). 

Concerning the Canadian Rockies, Price (1967) writes 

that if layering uas planar and inclined at a lov angle to 

the maximum principal compressive stress, that stress* 

i- trajectories vould tend to parallel layering, and 

_- 

._. 

subsequent failure vould take the form of contraction 

faults acting t0 shorten layer% The resulting geometry 

of brittle beds in a more ductile matrix is that of C10o.s~ 

wedges, Compound wedges involving a series of brittle beds 

which have been tele&coped together are shovn by Cloos 
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(1964, fig, 7) and Perry and de ?itt (1977, fig- 10). 

Price (1967) used the term contraction faults to icclude 

aLL faults that produce a shortening in the plane of the 

bedding, thus- inclading uplinb tnrast faults (see below). 

Tn wedged beds later rotated to vertical by folding, 

the bounding contraction faalts record normal-fault 

separation at a Lou angle to bedding. In cratonuard-facing 

folds (asymmetric to the northwest in the Appalachians), 

such stage I faults normally shov a dounlinb sense of 

displacement (fig, 1). They did not form as normal faults 

in their present orientation, because (1) the necessary 

northwest-soatheast horizontal extension is inconsistent 

uith central Appalachian structural style, and (2) their 

formation in a contractional regine'is indicated by drag 

features and absence of associated extension features. 

Prefolding fractures have been recognized in the 

central Appalachians (Deaa and KuIander, 1977). These 

fractures nay predate the contraction faults, because such 

fractures are offset by these faults and by bed-parallel 
-. 

compaction stylolites that are inferred to have fomed 

under overburden stress equal to maxinun principal 

compressive stress, . uhen bedding mas horizontai. 

Prefolding calcite-filled fractures can be recognized 

if orientations of calcite fibers record shearing on the 

.fractures, If the fractures are rotated to their Qriginal 
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Figure 1. Contraction fault btage I] formed wedges prior . 

to folding: La) prefolding attitude, Lb). postfolding 

attitude on northwest limb of west-facing anticline. 

The angles between the bedding and fault planes and the 

size of the associated fold are variable. 
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(prefolding) orientations, the net growth direction of the 

fibers should be about 30 degrees from the (horizontal) 

maximum principal compressive stress- 

STAGE If STBOCTURES.-- Stage 11 structures formed 

during folding. They record relative reverse movement 

toward the anticlinal hinge as part of the Appalachian 

fold's internal adjustments to southeast-northwest 

horizontal shortening, and to fold growth by flexural 

mechanisms, Perry and de Mitt (1977) describe and define 

uplimb thrust faults, the hanging walls of which move up 
s 

the limb of the anticline and auay from the axis of the 

adjacent syncline (figure 2). Similarly, Gair's (1950) 

out-of-spncline thrusts, and .VGvinnNs (1964) symmetrical 

thrust faults are notihvest- and southeast-dipping raverse 

faults that resolve space problems in cores of anticlines. 

In concentric folding, upward and inuard motion on 

anticlines' flanks, and flexural slip above ductile rocks, 

thrust strut-like brittle beds of the limbs over passive 

anticlinal crests where flexural slip is inhibited. Perry 

(1971) mapped southeast-dipping apparent nor.nal faults at 

a low angle to bedding in vertical beds on the northwest 

limb of the Wills Nountain anticline in Pendleton County, 

Pest Virginia. He interprets these as originally 

northwest-dipping uplinb thrust faults (Perry, 1971, 

1978), later rotated by continued growth and asymmetric 
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development of the anticline, Rotated uplimb thrust 

faults are also present on the nearly vertical northvest 

limb of the Cacapoa Rountain anticline in Naryland (Perry 

and de Vitt. 1977, p. 32). 

Stage XI structures shorten beds and facilitate 

anticlinal grouth, Both can cccur contemporaneously in a 

planar,' nechanically anisotropic medium if net transport 

is mostly toward the anticlinal hinge. Some rotation of 

stage If structures occurs if they form early, at low limb 

dips (Root, 1973). Uplimb thrusts also show a wedge-like 

geometry and nay be difficult to distinguish from stage I 

vedges. Uplirb thrusts tend to cut aany beds and die out 

in shale flouage (Gait, 1950), folds (Guinn, 196U), or bed 

parallel slip (Price, 1964). Vedges tend to be small 

because they represent the adjnstoent to shortening of a 

single or a few strut-like beds. Yedges can show a 

dounlinb sense of displaceeent on northwest limbs of 

anticlines, Uplinb thrusts tend to cut more beds because 

they represent adjustment to shortening of the entire 

fold. IJpliab thrusts always shou hingeuard displacement 

of the apper (or outer) fault block. 

As uplimb thrust faalts on limbs steepen during grovth 

of the anticline, the normal stress across the thrust 

surface and the resulting friction increase until the 

fault locks (Guinn, 1960). Purther tightaning of the 
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anticline can produce another fault or faults on the 

limbs, Continued grouth of the anticline, beyond that 

which flerural 

of stag0 IIL 

STAGE III 

fore when beds 

slip is capable of relieving, causes onset 

" ST3 UCTUBES ,-Stage III structures begin to . 
‘\ 

rotate so far towards the vertical that the 'i 
effect of vettizal ex-teasion exceeds that of horizontal 

shortening, Further growth of the anticline can then only 

occnr by bed-parallel ertensioa, Stages I and If both 

involve bed-parallel contraction, and so can overlap in 

tine, Because the, change from bed-parallel contraction to 

bed-parallel extension is a discrete event, stages II and 

III are unlikely to overlap, and their structures should 

be readilp distinguishable, Stage III structures are most 

easily recognized on and are especially characteristic of 

steeply dipping to overturned beds. 

Norris (1958, 1964) defined extension faults as those 

that result in elongation in the plane of the layering. Ae 

reported extension faulting in otherwise ductile beds 

(carbonaceous shales) dipping 10 to 25 degrees, Price 

(1969, 1967), Perry (1971, 1978) and this paper describe 

extension faults in brittle, steeply dipping beds. Norris 

and Price noted that if the layering rotated externally in 

the course of flexural-slip folding until it uas at a high 

angle to the maximum principal compressive stress, then 
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the trajectories of that stress would tend to become 

perpendicular t3 the layering and subsequent brittle 

failure would take the form of extension faults- This 

rotation of the stress trajectories is shouu by the 

finite-element nodelling of Dieterich and Carter (1969). 

Price (1967) has found that extension faults tend to 

i 

1: 

intersect bedding at about 70 degrees. 

Extension faults show net bed-parallel lengthening 

unique in the kinematic history of a fold, thus allowing 

easy recognition. Characteristically, extension faults 

are low-angle, northuest- or southeast-dipping r&verse 

faults on steep or overturned limbs (figure 3). Extension 

fractures which show bed-parallel lengthening and t'orm 

normal to bedding are stage III structures. Extension 

faults have not undergone a significant amount of later 

rotation. If they formed prior to folding, they would have 

formed as high angle norsal faults, vhich are inconsistent 

uith Appalachian contractional deformation. Specifically, 

extension faults cut contraction faults of stages I and II 

(Perry, 1971, Perry and de Mitt, 1977) and are therefore 

later features. In extreme cases, nap-scale extension 

faults can lead to overthrust vest limbs of anticlines 

(Dennison, written communication, 1978). 

With the possible exception of some systematic 

joints, stage IX1 structures are the latest recognizeable 
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effects of brittle, fold-related deformation in the 

central Appalachians, Because they are least likely to be 

filled by rein material or closed during later 

deformation, they are a possible target for gas 

explorption in fractured rock. 

Pield Applications 

Recent fielduort has shown the applicability of our 

three-stage model of brittle deformation in steeply 

dipping beds in the central Appalachians. Nine exposures 

of Ordovician through dississippian limestones, 

sandstones, siltstones, and shales of Rest Virginia, 

Maryland and Virginia have been interpreted in terms of 

. the model to yield a. sequence of events consistent with 

Appalachian structural style. Slip-senses of minor faults 

are usually apparent and show either stage I contraction 

faulting, stage 11 crestvard slip, or stage IX1 bed 

parallel extensioa, depending on the angle betusen beds 

and horizontal shortening uhen failure occurred. 

Directions of fracture openings are ambiguous unless the 

fractures are filled with fibrous calcite, 

cut across compaction or tectooic stylolites, or are 

slickensided, Durney and Rarsay (1973) shoved that crystal 

fibers in calcite fracture-fillings track the direction of 

opening of the fracture, If the fracture opened by simple 

dilatancy, then succesive orientations ot' incremental 
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extension during fiber grovth can be determined, If the 

direction of fracture opening is parallel or at a small 

angle to bedding, thea the fracture is unequivocally a 

stage III feature, Practures vhose opening directions have 

coaponents of crestward shearing can be either stage I or 

stage If. 

An excellent exposure shoving examples of all three 

stages of brittle deformation is the cut in Silurian 

limestones along the Baltimore and Ohio Railroad, on the 

northwest flank of the Wills Rountain anticline at Pinto, 

Allegany Count+, Naryland, 
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Uestern Limit of Extension Practuring in Uest Virginia 

Philip S, Berget and Russell L, Wheeler 

Departaent of Geology and Geography 

West Virginia University 

Morgantorn, West Virginia 26506 

Abstract: extension fractures can extend beds aqd create 

porosity, permeability or both vhere dips on anticlinal liobs 

I.- 
I. 

I‘ 
L 

I 
I 
I. 

: ‘1 
I- 

are relatively steep (greater than 45 degroes if there is no 

strain parallel to hinge lines). Sinple cakulations a'nd 

reasonable assumptions permit the conclusion that 

including the effect of hinge line parallel strain does 

not significantly alter the aininun bed dip at which 

extension fractures will open. Therefore the minimum 

conditions necessary for extension fracture formation are 

unlikely to occur vest of Guinn's (1964) high plateau, 

with the exception of the Burning Springs anticline, in 

Rood and Uirt Counties, Vest Virginia, where linb dips 

reach a maximum of 68 degrees. 

INTRODUCTION 

Detachment faults in ductile beds are the primary 

mechanism for map-scale deformation in the central 

Appalachian allochthon, and specifically for the Valley 

and Ridge and most of the Plateau provinces in West 

Virginia (Gvinn, 1964; Rodgers, 1963). The location of the 
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vestern limit of detachaent in the central Appalachians is 

a matter of conjecture, although 'it may be significant in 

explaining the distribution or o&urtence of gas 

production from- the Hiddle and Upper Devonian elastic i 
I 

sequeuce (mostly shales), The purpose of this paper is to .,- 
determine the vestern limit in Yest Virginia of 

detachment-related fracture porosity and permeability formed 

as folding rotates beds from low limb dips, vhere they are 

contracted, to high dips, vhere they are extended. 

STRUCTURAL STILE 

The Oest Virginia allochthon has nauy detached 
I / 

anticlines but few. oatcropping major thrust faults. The 

major anticlines are interpreted as active features 

generated mainly by duplicatian of strata by ramping of 

underlying detachment faults, by splay faults, by kink 

band folding,, and by ductile flov of shale rich intervals 

into anticlinal crests (Guinn, 7964; Paill, 1969: Uheeler, 

1975) . The najor synclines are regarded as passive 

features resulting from anticlinal grouth in adjacent 

rocks, rather than from active dounbuckling (Guinn, 1964). 

Location of the western limit of allochthonqus 

anticlines involving the Devonian elastic sequence is 

ambiguoas, because the folds generally become less 

distinctive towards the vest. Limb dips and closure 

decrease vestward. In some of the folds of central and 
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uestern Yest Virginia, such as the Arches Fork and Volf 

Summit anticlines, closute is apparent below the !!iddle 

and Upper Devonian elastic sequeace, oa the Hiddle 

Devonian Onesquethav Group (Carduell, 1973), but not above 

the elastic sequence, on the diddle dississippiaa 

Greenbriet Group (Fiaught,. 1968): The limestones, 

sandstones,. cherts, and thin shales of the OaesqaethaV 

Group and the underlying Oriskany sandstone, Helderberg 

Group, and Tonoloway Formation comonly form a single 

stiff unit about 600 to 1000 feet (180 to 300 meters) 

thick (Carduell and others, 1968) in the mechanical 

stratigraphy of West Virginia. 'If the folds in the 

Onesquethav are patt of the allochthon, then a detachment 

below the Silurian Tonolouay and the thick Devonian 

elastic sequence (2600 to 7800 feet; 800 to 2400 meters) 

has absorbed the deformation by flow (Cardea, 1956) or 

upper detachment (Dahlstrom, 1969a). On the other hand, 

sose folds show closure in the aississippian Greenbrier 

Group but not in the Devonian Oriskaay Sandstone, from 

which we infer that a detachment is above the Oriskany a5d 

probably in the ductile niddle Devonian black shales. 

Perry and Uilson (1977) describe an example of this on the 

Eann nountain anticline. 

Ue believe that extension fractures nay form a 

significant part of gas-bearing fracture porosity and 
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permeability. Extension fractures that shov bed-parallel 

extension are interpreted to be late tectonic, formed when 

folding beds rotated to such steep dips that the rocks 

mete within tbs. axteasioaal, rather than contractional 

field of the strain ellipsoid (Berger, Perry and Wheeler, 

is, in revieu), These extension fractures are unlikely to 

be filled by veia material or closed by later deformation 

and thus say produce gas, iie attempt to locate the 

western limit of extension fracturing in the subsurface as 

paxt of a proqran to pred.ict the location of more highly 
. 

ftactured rock for gas exploration. 

In this paper ve use the a!alytical and graphical 

techniques of Ransay (1967) to determine the angle (0) 

betueen the X strain axis (the direction of greatest 

Lengthening: vertical) and the surface of no finite 

lonqitndinal strain. The surface of no finite longitudinal 

strain sarks the boundary between the contractional and 

extensional fields in the strain ellipsoid and its dip 

increases with the horizontal contractional strain. 

Assuming that the maxima principal compressive stress and 

the 2 strain axis (direction of greatest contraction) are 

horizoatal and perpendicular to strike (Perry, l971), then 

the minimum bed dip at which extension fractures can open 

is 90 - Q degrees, Using published values of shortening or 

values measured on published cross-sections, ve calculate 

,1 

1 
I 
I 

/ - 
I 
t- 

-- 

- 
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the critical (lainimum) bed dig at which extension 

fracturing will begin, Comparison of predicted values of 

critical dips with observed or estimated values of limb 

dips or shortening in anticlines allows us to predict the 

distribution of extension fracturing and related fracture 

porosity and permeability in Pest Virginia. 

HETHCDS 

Raosay (1967, p, 128) determined the equation for the 

angle (8) between the surface of no finite longitydinal 

strain and the X strain axis, assuming constant volume and 

f. 
‘T 

I. 

no hinge line parallel strain (ei = 0) 

e= xos- d:i:;: ('1 

vhere J-z : '2; / 

and ?-;=(l+c;)a, i= l,2,3 (2) 

Therefore to determine the minimum bed-dip at- which 

extension fractures will begin to open for a given 

anticline and its estimated shortening value, we need 

values of 3, and T3. 

f, measures length change Farallel to the X 

(contractional) strain axis. r4 measures length change 

parallel to the hinge line of the fold (intermediate 

strain axis: Y) and is assumed to be equal to 1. z, 

measures strain parallel to the 2 (extensional) swain 

axis. z3i.s found by Measuring the amount of shortening for 

a given anticline by the sinuous bed or equal atea method, 
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after removal of synfolding cr postfolding slip on faults 

that changed bed length but did not rotate beds. Ue shall - P 
I 

regard folding of d: stiff layer within a volume of softer 

rack as grossly approximating overall hooogenous 

nonrotational strain, Ue assume that the volume of rock 

/ 

-' 1 , 
;. i 

containing the rotating stiff bed is not cut by through- 1 

going detachments and thus has not been deformed by shear 

on or near the detachment, That assumption is reasonable I 

within a single anticline (Kulander, oral communication, 

1978) m Then by the sinuous bed method after restoraTion of 

fault slip, the shortening strain is 

(3) 

where L= 
I 

the arc length of a stiff unit like the 

Onesquethau-Tonolouay sequence, and 

P= the linear distance between the tuo inflection 

points of the anticline (the distance into 

which& has shortened). 

The sinuous bed method is valid for stiff units that 

have buckled, kinked, at faulted, but have not flowed 

internally or pressure-dissolved. The values of ..I 

_I 
shortening in this paper are determined by the sinuous bed 

ne+.hcd but are consistent with values determined by the 

equal area method (Gvinn, 1970), uhich does not assume 

that there has been no internal flowage or mass-removing 
. 
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pressure solution- 

Our values of shor%eniag need not include shortening 

by layer parallel penetrative strain (Engelder anA 

Engelder, 1977) or by fornaticn of pressure solution 

cleavage (Geiser, 1977), because most of this shortening 

appears to have forned early, prior to folding (Gaiser, 

1970; lickelsen, 1976, 1978; Berger, Perry and Uheeler, 

8% in review). . 

2, can be calculated as fcllous, For a unit sphere 

deforming at constant volume to a strain ellipsoid 

V(sphers) ='%vp3 = %* 

V(ellipse) f %x(l+e,) (l+e,) (l*e,) 

Substituting equation (2) and setting V(sphere) equal to 

V (el1iPsoid) 

>, = k2, ( 4) 

Therefore to determine AI we need only J,, vhich we estimate 

from shortening, and 7%. uhich we assume is equal to 1. 

Therefore 

If we take into account hinge line parallel strain, 

then &a will be close to but net equal to 1, Ue assume that ez 

vi11 be no more than 2.10 percent of e3, This figure is 

arbitrary but is probably in excess of the true value in 
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most places, especially where. large folds are straight in 

nap vim, There is no doubt that strain parallel to hinge 

lines occurs, Ths eristence of cross joints in folded 

rocks demonstrates hinge line parallel extension, although 

hinge line paralleL contraction nay be equally Likely in 

folded rocks, The arcnate trends id parts of the central 

Appalachians map help determine uhether hinge line 

parallel contraction or extension has occurred. Uhere the 

Appalachians are convex touard the craton, as in ceatral 

Pennsylvania, hinge line parallel extension map be more 

likely. Uhere the Appalachians are concave cratonvard, as 

in southern West Virginia .and uestern Virginia, hinge line 

paralleL coatractioa is more likely, 

Using our values of shortening, and reasonable 

estimates of A, , the angle (8) betveen the vertical X 

strain axis and the surface of no finite longitudinal 

strain is determined graphically using a nohr diagram for 

three-dimeasioaal strain (Ramsay, 1967, p. 152). The 

points aloag the line 2 = 1 on the Hohr diagram yield 

values of points on the surface of no finite loagitudiaal 

strain, in degrees from the X and Y strain axes. These 

oalaes can be plotted in equal area projection to 

determine the shape of the surface of no finite 

longitudinal strain: conical with hinge line-parallel 

strain, planar uitiout (Ransay, 7967, fig. U-21). The 
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aininnn bed dip at uhich extension fractures vi11 open is 

measured along the east-west axis of the projection, 

RESULTS 

Table 1 lists the predicted bed dips at which 

extension fractures will begin to open for given values of 

shortening and &= 1,. These values were calculated using 

equation (5) and are the coxpleaents of the angles (e) 

between the X strain axis and the surface of no finite 

longitudinal strain. Some of the predicted dips were 

checked by hohr diagrams for three-dimensional strain, 

With no change in length parallel to the hinge line, the 

minimum bed dip at which extension fractures vi11 begin to 

open is 45 degrees, That findjnq is consistent vith the 

results of finite-element modeling of viscous layers 

(Dieterich and Carter, 19691, and other work summarized 

by Perry (1978, p. 524). Uhere there is t.l(e,) hinge line 

parallel strain, the minimum bed dip at which extension 

fractures vi11 open does not differ significantly from the 

values in Table 1, 

Table 2 lists measurements of shortening for 

anticlines in Vest Virginia, determined from 

cross-sections bp the sinuous bed method or froa estimates 

in the literature. Uith the exception of the Burning 

Springs anticline, in good and Uirt Counties, Yest 

Virginia, no anticlines west of Guinn's (1964) high 
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1% 

2% 

3% 

4% 

5% 

to% 

15% 

20% 

25% 

30% 

35% 

40% 

45% 

50% 

HXBIHUM LI8B DIP 

45 degrees 

45 degrees 

46 degrees 

46 degrees 

46 degrees 

48 degrees 

50 degrees 

5 1 degrees 

53 degrees ’ 

55 degrees 

57 degrees 

59 degrees 

61 degrees 

63 degrees 

30 
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plateau, uhich have structural relief less than 300 feet 

(90 meters), should shov extension fracturing unless 

faulting in the subsurface has cxeated abnormally high ' 

limb dips, Fault inbricatiou in the subsurface of the 

Burning Springs anticline has caused dips as steep as 68 

degrees (Shockey, 1954). The Arches Pork and Wolf Summit 

anticlines play also shou extension fracturing, since Guinn 

(1964) indicates that they have between 300 and 800 feet 

(90 and 240 meters) of relief, intermediate between 

anticlines of the high plateau and those of western Vest 

Virginia. 
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Anticline 

RELIEF GREATER 

Burning Spgs, 

Brierp Z+n, 
e 

Chestnut Pd3, 

uills !ltn, . - 

Browns ?,tn, 

RELIEF BETUEEJ 300 and 808 PEET (9O'and 2lcO YETERS) 
! - 
i Jolf SnJlmit Lewis Co, <1x 5 degrees 

Hiran 

Arches Fork 

Farfield 
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Yaximum 

Lisb 

Location Shortening Dip 

TffAN 800 FEET (200 ?!ETEBS) 

Wood/Wirt,Co- 
-VA 

Preston Co, 

Yooongalia Co, 

Pendletoa Co. 

Pocahontas Co- 

2%. 

6X 

3% 

20% 

16% 

68 degrees 

45 degrees 

12 degrees 

overturned 

overturned 

Source, 

Harrison Co. <1x (1 degree 

Doddridge Co, <1x (1 degree 

Logan Co. Cl% <l degree 

RELIEF LESS TRAH 300 FEET (90 ZETERS) 

Z?ann ,Ytn, Payette Co. Cl% <l degree 

- 
Shockey (195 ) 

Cardea (7959) 

ditchell (19 :‘ 

Perry (1971) 1 I 
I 

Rulander and 

Dean (1972) : 

Bilner (1968. 

Cardvell (19" 

Cardwell (39743 

Cardwell (19 

Perry and 

Uilson (197') ..- 

i.. 

. 
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Late-Tectonic Extension Faulting in the Central Appalachians 

Philip S, Berger and Russell L, Wheeler 

Department of Geology and Geography 

Best Virginia University 

florgantoua, Oest Visginis 26506 

Abstract: Examination of outcrops in parts of the western 

Valley and Ridge and eastern Allegheny Plateau provinces 

of daryland, Pennsylvania, Virginia and zest Virginia 

located 227 bed-extension faults of vhich 115 had 

measurable separation at 24 statioas- Previous vork 

shoved the faults formed lat'e during folding when beds 

vere steeply dipping, and not by early normal faulting 

vhen beds tiere horizontal. The distribution and amount of 

extension faulting have implications bearing on tectonic 

development and gas potential. First, outcrop-size and 

larger extensioa faults contribute significantly to 

anticlinal grouth in more brittle units vhen external 

rotation steepens fold limbs. Second, stratigraphic 

localization of extension faulting suggests that reported 

thinning of brittle units on steep limbs of anticlines may 

be partly due to late-tectonic extension faulting, rather 

than wholly to splay faults rising from detachment 

surfaces. Third, measured values of bed-parallel extension 

for packets of especially brittle rocks indicate 
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significant aaounts of fracture potentially suitable for 

gas resemoirsc 

INTBODUCTIOK 

The restarxt Valley and Ridge and eastern Allegheny 

Plateaa provinces of Karpland and Uest Virginia atF 

characterized by anticlines with the greatest anounts-of 

structural reliaf vithin their respective provinces- In 

the- Valley and Ridge. province, the Kills Hountain 

anticline (Pig- U) 'has approximately 4000 a of structural 

relief (Perry, 1975). In the Plateau prbvince, the Brouns 

Koantain aaticline nap have structural relief as great as 

2500 to 3000 m (Kulaader and Dean, 1972). The Elkins 

Valley anticline also exposes vertical beds and may have 

structural relief of almost 3000 I (Rodgers, 1970). 

Borthvest Liabs of these folds are steeply dipping and 

locally overturned. Other eastern Plateau anticlines are 

characterized by rose steeply dipping rocks in the 

subsurface than at the surface, at least to the level of 

the Lower Devoaian (Rodgers, 1970), and asp be asymmetric 

vith more steeply dipping southeastern limbs at least to 

the level of the Oriskany (Goinn, 1964). 

The steeply dipping limbs of map-scale anticlines in 

the central Appalachians are due primarily to external 

rotation of stiff beds (mostly sandstones and limestones) 

during folding. The nap-scale folding is caused by 

1 
, i 

I 
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stepvise uestuard rise (ramping) of detachment surfaces or 

by splay faulting from nearly horizontal detachment 

surfaces (Rodgers, 1963; Guina, 1964), In most places in 

the central Appalachians, the detachneat surface or splay 

fault does not reach the surface, As bed rotation and 

accompanying horizontal shortening and vertical extension 

continued, anticlinal grouth in stratigraphic units above 

the detachmeat involved flov of shaly sequences out of 

anticlinal linbs and into crests (wheeler, 1975) and 

bed-parallel extension in steeply dipping to overturned 

beds (Perry, 1971). 
. 

This study is based on outcrop examination of . 
bed-parallel extension structures, prinarily faults, uhich 

begin to form uhen beds rotate sufficiently toward the 

vertical that the effect of vertical extension exceeds 

that of horizontal shortening. Extension faults can form 

at any bed orientation, depending on the attitude of the 

local maximum principal compressive stress (Norris, 1958, 

1964). Rovever in the central Appalachians, analysis of 

structural style and field investigation both indicate 

that extension faults form uhen the dip of beds exceeds 45 

degrees (Berger and Uheeler, in revieu), and mostly as 

reverse faults, serving to thin the beds. Cloos and 

Broedel (1943) and Root and Hilshusen (1977) described 

faults with similar structural style in other parts of the 
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central Appalachians, Perry and de Vitt (1977). Perry 

(1978) t and Berger, Perry and Uheeler (in press) recognize 

these reverse faults as extension faults, analogous to 

those described from, the Canadian Rockies by Yorris (1958, 

1964) and Price (1964, 1967). 

Uith the possible exception of some systematic 

joints, these ertension faults are the latest recognized 

effects of brittle but fold-related deformation in the 

central Appalachians (Berqer, Perry and Uheeler, in 

press) w Because they are formed late durinq deformation, 

they are least likely to be filled by vein material or 

closed during later deformation, If sufficiently numerous 

and extensive they are an excellent target for gas 

exploration assuming the presence of a gas-bearing source 

and reservoir seal,. In particular, they aay form 

permeable fractured reservoirs in the Hiddle and Upper 

Devonian elastic sequence. This paper atteapts to evaluate 

that hypothesis. 

FIELD PIETEODS 

More than 100 large exposures of steeply dipping or 

overturned beds were exaeined in the western Valley and 

Ridge and eastern Allegheny Plateau provinces in parts of 

flarylaad, Pennsylvania, Virginia and Vest Virginia (Pig. 

4) l Of these exposures, 24 were intersected by at least 

one aeasurable'axtension fault. Each fault was ideutified 
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\ -’ Location Map 

8 Station Number 

4 - State Boundary 
% Anticline 

0 50 mi 
1 I 

I 1 
0 50. km 

Figure 4. Map showing major anticlines in the study area. Yumbers show 

locations of stations listed in Table 1, D 
: 

. - 
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either by the senses of asyanetry of associated drag folds 

OS by matching of beds across the fault- The following 

were a8aSUz8d or calculated for each fault: V8rtiCal 

sepztration, horizontal separation, dip separation, 

bed-parallel extension (separation measured parallel to 

the beds, not defined by Dennis, 1972), and the thickness 

of the packet of beds affected by th8 fault- For each 

station, the exposure length and thickness of each 

stratigraphic"unit present were measured, In exposures 

uitk variable dip, only beds dipping more than 45 degrees 

were included, because only there are exteasion faults 

expected (Berqer and Wheeler, in review),. 

At a fev places in the exposures, zone's of en echelon 

filled feather fractures uith siqmoidal habit were 

preSUS8d to nark incipient extension faults. The dip 

separatioa,vas calculated as the sne of the zone-parallel 

thicknesses of the fracture fillings and the other 

separation values were calculated accordingly. Styles of 

terminations of the fault surfaces were noted, as uere 

spatial relations to folds and to contraction faults 

(faults that shortened beds: Norris, 1958, 1964). 

STBOCTURAL STYLE 

Perry (1971) recognized 31 extension faults on the 

nOrtbV8St limb of the Rills Iountain anticline in 

P8ndl8tOn County, Uest Virginia. He (unpublished notes, 

-- 
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Tuscarora quactzite, Rose Hill formation, Keefer 

smdstoae, Villiaosport sandstone and Tonolovay limestone 

and the Devonian Oriskany sandstone, Table 3 details the 

nU8b8r of extension faults recognized in our study. 

Extension faults uere found in many of the same units in 

the st'ndy area in which de Uitt and Dennison (1972) noted 

minor faulting and Perry (1971) noted minor extension 

faults, Extension faults were found as veil in other 

units, 

Outside the study area, Cloos and Broedel (1943, 

their Plate 1) short 27 extension faults in 180 m of 

outcrop in the Hamilton Group near Harrisburg,, 

Pennsylvania. Rot'all the reverse faults reported by 

Cloos and Broedal (1943) are extension faults. Yany are 

fractures vith unmeasurable amounts of offset or are 

contraction faults, However, the nusber and distribution 

of faults and other fractares (843 fractures in 12 

stations) led Cloos and Broedel (1943) to conclude that 

reverse faults in steeply dipping beds are widespread and 

characteristic of Appalachian folding (p. 1388). 

Some extension faults occur singly. Others as? 

conjugate pairs with associated synthetic and antithetic 

extension faults. Numerous other fractures were observed, 

especially in the shaly parts of the Brallier POripiltiOn, 
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CULlULATIVE 

NO* OF THICKNESS 

llEASUHABLE # NO, OP OP SECTION: r-- / 
‘. . EXTZNSfOtJ Err* OUTCBOPS YITH PAULTS Fhd i 

. . 

iI -_ 

STRITIGEAPEIC UNIT FAULTS FAULTS' HEAS, EXP, PIOLTS OF SECTI~ 1 
-------e-s.-------- --------------------I____________ * 

. I- nississippiaa 

Pccono Pocoaticn 9 1) 266m 0,034 

------L---e---- 

Devonian I - 

Hampshire Formation 1 0 - 

Chemung Group 8 6 308 a 0.026 

Brallier Pormaticn 104 a3 1251 a 0.063 -_ - L. 
nillboto Formation 1 1 7s II O-01 

. Aarcrrllus Fotlraticn Y 0 Be -- 

--------------------- 

Silurian 

Tooolouay Formaticn 35 

Wills Creek Pormation I 

I 

Bloomsburg Formation 

L.. 

EcKsazie Pormatica 

Rochester Shale 

Reefer Sandstone 

Rose Ail1 Poroaticn 

_ Tuscarora Formation 

7 

27 

14 

2 

4 

7 

2u 200 8 0,175 

1 759 0 0,006 

2 94 m 0.07a 

17 lU8 l 0,182 

14 139 I 0,101 

1 6m O-3 _' 

2 7s O-6 

4 82 a 0.08 

Ordovician 

Juaiata Pornatico 

Total 

3 

227 

2 

11s 

40 m 0.08 
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many with slickenside, slickealine, or apparent dip 

orientations similar to those of nearby extension faults 

but not shouiag drag folding or matchable beds, The number 

of extension faults recognized, as uell as the numerous 

undifferentiated fractures, indicates to us that extension 

faults are'aa important and little recognized component 

of, and bte indeed characteristic of, certain 

stratigraphic units uhere those units are rotated to steep 

dips, Thus field observations indicate that‘ia the 

Devonian elastic sequence, the Brallier Pormation may form 

unusually many extension faults when bed dips increase 

into the extensional field, 

Held observations indicate that the exteasioa'faults 

may teraiaate against each other, or against a thick bed 

of 'siltstone or limestone. In some places the thick bed is 

broken by a fracture zone along the continuation of the 

extension fault, and the fractures may shov small amounts 

of slip. An extension fault may die out as a single fault 

or by distributing its slip among several splays in 

shales, At many places the extension faults curve upwards 

or dovavards into surfaces of bedding-place slip (Price, 

1964). 

Extension faults nap form and have been recognized 

on limbs of folds ranging in size from typical 

outcrop-scale to map-scale, Therefore they represent a 
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common response to the. local maximum principal compressive 

stress, uhich tends to bs roughly parallel to beds until 

dips reach 4f to 60 degrees, and then tends to be 

perpendicular to the beds (Dieterich and Carter, 1969). 

Previous vorlters- &an shown that most extension faults 

foto at high angles to beds, although they can form at 

louer angle (Morris, 1958; Price, 1967; Perry, 1971). 

Price (1964) writes that in less steeply dipping beds 

in the Canadian Rockies, extension faults tend to show a 

uniform dip direction and commonly begin and terminate in 

a bedding-plane slip susface, With increased bed rotation, 

he noted that extension faults form conjugate-sets. Ue 

have not found this to. be yenerally true in the central 
. 

Appalachians, An extension fault that terminates in a 

bedding-plane slip surface may be part of a conjugate set 

of extension faults. Overturned beds in the central 

Appalachians show both single faults and conjugate sets of 

extensioa faults. 

Because some extension faults are found to begin or 

terminate in bedding planes, earlier flerural slip folding 

may still have been active at the time of extension 

faulting. ?e propose that extension faulting can occur 

during flexural-slip folding if the contacts within a 

packet of be& become locked, perhaps around small folds, 

so that the shear strength at a bed contact exceeds the 
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tensile strength of the bed or beds- The slip surface may 

then cut across the locked beds, forming an extension 

fault. Some subsequent external rotation of those 

extension faults by further folding is likely (Price, 

1964)., especially where beds are now overturned. 

Other extension structures found include boadinage of 

thin siltstone 3c limestone beds, abundant lenticular 

extension fractures oriented roughly perpendicular to' 

bedding, and three normal faults of small displacement. 

There is a strong positive association between exposed 

fault length and amount of dip separation (for 119 

observations, Spsarnan's correlation coefficint (Siegel, 

i9S6) gives a significhnce level of ,OOOl. 

RESULTS 

Table 4 summarizes the results of our field 

investigations for the 24 stations that showed measurable 

separation. Below, we suggest that useful conclusions of 

regional applicability can be reached by extrapolating our 

data into the subsurface. Inferences about fold growth and 

tectonic thinning of the limbs can be made from 

compilation of the vertical and horizontal separation 

data, respectively. Estimates of gas potential are based 

on the amount of bed parallel extension. 

It must be emphasized that measurements reported 

here are aiuimuue values. only definite extension faults 
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STA?~~Q ea AID SARC K/I ?A Y/I LGCAT2GQ SrRAtIGRAPbzC ormc~. 

----------- ----------------___---------------------------------------------------------~. 

1 Pioto. ld 

2 uoodnont. Od 

3 b 1410, ad 
* RJttQrnM’s *not, NV 

5 PatMa8. YI 

6 uhito srruor springs. YI 

7 Jady Gap-a. 99 

I qder Gap. 71 

9 Cednc Clrfia. nd 

10 Rose sill. ad 

11 rQQtor ao11or. ev . 

12 SEOV~ nt. W.-a, Et 

13 snory Rt. Id,-b. 09 

* 1n srary m: Pd.-e. YI 

1s !wat*rrQill.. YI 

16 WQ. 39, YI 

77 linnQLQh4 sprinqr, Q? 

18 1-64-a, HI 

19 1-64-C. ev 

20 lloctb POCR Gap. OI 

21 Qolf Cmp Fuo. Pa 

22 %rtia Et.. Id 

23 urococr. Id 

i 
; 2a Jmdr Gap-b. 99 

27. OS 

2.95 

4.01 

40. OS 

2.61 

ro. 01 

<. 1s 

23. us 

1.09 

0.51 

<. IS 

2.0s 

3.0s 

1.0s 

a. 1% 

3. us 

0.51 

<. 1% 

<. 1s 

0.21 

<. la 

<. l¶ 

<. 1x 

31.oa 

JO, OS 

3- 71 

3.0s 

14. us 

1.61 

14.4s 

-- 

1.6s 

0. us 

0.51 

0.1% 

3.51 

0. 1s 

0.2s 

3.7% 

0.61 

0.2% 

0.11 

0.4s 

2.9% 

1.99 

<. 1s 

<. 1% 

0.39 

0.1% 

0.2s 

0.31 

0.1s 

2s. OS 

1.31 

0.2% 

<. 11 

2. at 

2, JS 

2.3s 

3.6s 

0.61 

0.4s 

<. 1s 

<, 1t 

<.I% 

<. 15 

NY limb, mill4 It. 44t. 

JQ lirb, Cacapoa 7t. ant. 

MY li¶h, UlllS nt. 1nt- 

YY llrb. UlllS at. ant. 

4X&41 rrqiot, a**= Park JUC. 

We limb, BCOrQs I?. Jnt. 

MU list. mills et. Jet. 

QQ lfa8. sills at. aat. 

SK lia0. Uills at. ant. 

St limb, uiur If. ant. 

ue 1iro. aills at. ant. 

RS IiQt. uilh at. ant. 

YY lie, aills RC. at. 

UU lid, aills ‘It. JRC. 

YU limb, Frovns s-t. .ut. 

axial :Qqioc.. 5rorns 7t. mt. 

SK lllb. ccvas Bt. ant. 

SK list., BrmnS at. aat. 

arral ;rqi%. BcoraS Bt. 1Pt. 

Ye limb. aills Rt. ant. 

kl limb. sills 9t. aat. 

0.3% <. IS YQ limb, PattQraoa Ck. Rt. ant. heolouay 

0.11 <. 7x SK limb, Cac8pua at. sot- Bloossburq 

3. 1s 34.ar vu limb. UiUs It. ant. BC81liQC 

t g JfitiCli0n.i qrorth; T - tretonic thianiaq; P = Imount of rxtnadou; I) - stCUCtuC41 relief 
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were measured. All measurements were taken in 2 to 3 m 

high strips along the accessible basal segments of 

exposures, The larger the displacement along the fault the 

less the chance of matching beds across the fault,. The 

extttipolations into the subsurface could be maximum values 

because they assume the. same intensity of faulting 

throughout the vertical extent of the fold limb as that 

measured in our selected exposure. However, because it 

seems unlikely that the present arosion level 

preferentially exposes unusually extended rocks, the true 

values may approach our extrapolated values. Thus tbe 

results reported here are conservative (minimum) but 

probably roughly pccnrate values for the amount of fold 

grouth by extension faulting. 

POLO GROYTH 

The major anticlines of the central Appalachians are 

active structures generated mainly by duplication of 

strata by ramping of underlying detachment faults, by 

splay faulting, and by ductile flou of shale or evaporite 

sequences into anticlinal crests (Gwinn, 1964; Paill, 

1969; Wheeler, 1975). The major synclines are passive 

structures resulting from anticlinal grouth in adjacent 

rocks, rather than frcn active dovnbuckling (Gvinn, 196u). 

Ye propose that extension faulting late during foltiing 

provides an important contribution to anticlinal growth. 
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At Station 1, near Pinto, Saryland on the northwest 

limb of the Uills Hountain pnticline (Pig, 4, Table' U), 

the amount of growth by bed-parafiel extension may be as 

much as 27X of the entire structural relief of the fold- 

This value is based on data fro+ a single exposure on the 

limb of the anticline and is extrapolated into the 

su'bsurface by 

e = V(BPT/ET)(R/Z.S) (1) 

where E = the amount of anticline growth by extension, 

in meters, 

V = the sum of the amounts of vertical separation 

of measured extension faults, 

BPT = the sum of the thicknesses of the packets 

of beds containing the extension 

faults, 

ET = the present (post-extension) Length of 

the exposure measured perpendicular 

to beddinig, 

E = the structural relief of the anticline, and 

2.5 = the height of accessible exposure 

in meters. 

Estimates of structural relief are: Wills Mountain 

anticline - 4000 0 (Perry, 1971), Browns C¶ountain 

anticline - 3000 l (Kulander and Dean, 1972), Deer Park 

ant icline, 3000 m (Guinn, 1964), Cacapon Hountain 
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anticline - 0000 a (Perry and de Witt, 1977), and 

Patterson Creek Iountain anticline - 2500 a (Cardwell, 

1975) * The amount of stracturai relief of the Uills 

Hoantain anticline in Raryland and Pennsylvania is equal 

to or greater than the amount measured by Perry (1971) in 

Pendleton County, Uest Virgia'ia, because although the 

anticline appears to lose structural relief northeastuard 

into Haryland (Cardwell and others, 1968), that is 

compensated bp increasing depths to basement from 

southwest to northeast along the strike of the Wills 

Hoantain anticline (Kulander and Dean, 1978). 

Using equation (l), values of E have been determined 

for each station in which extension faulting was 

reasurable. Sinilar results have been obtained bp Cloos 

and Broedel (19U3), using a similar method of 

extrapolation- They estimated that the reverse faults 

contribute 10% to the structural relief of the anticline 

they studied. Table 4 lists our percentages of anticline 

gzowth by extension. The contribution of extension to 

fold grovth is significant in many exposures, especially 

considering that extension does not begin until late in 

folding when the limbs ara steeply dipping and the fold 

may have already attained considerable relief. The 

videspread stratigraphic and geographic distribution of 

extension faults in steeply dipping beds (Tables 3 and 11, 
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Pig. 4) supports our suggestion that our results have 

regional applicability. 

TECTOBIC TEINNIHG 

Tectonic thinning of measured stratigraphic sequences 

has been reported in the study area (Dennison and Saegele, 
. . . 

1963; Dennison, Travis and Perguson. 1966; de Uitt and 

Dennison, 1972; de Uitt, 1974) and was used as a guide ‘by 

us in locating axposures that have undergone extension 

faulting, Ye hoped to be able to recognize enough 

extension faults to account for a large proportion of the s 
tectonic thinning. The amount of tectonic thinning (T) is 

defermined using equation (2) 

T = H/ET (2) 

uhere H = the sum of the amounts of horizontal 

separation of measured extensioo faults. 

At Station 4, near Retterman's Knob, Pendleton County, 

Yest Virginia (Fig. 4, Table 4), Dennison and Haegele 

(1963) report that approximately 60 P of the Brallier 

formation is absent (about 25% tectoaic thinning). Outcrop 
3. 

examination at Station 4 indicates a minimum of .lJ 

tectonic thinning by extension faulting. Eere Dennison and . . 
.' 

Kaegele (1963) vrite that tectonic thinning uas probably 

accomplished by minor faulting uithin a fault zone in t&e 

Brallier Formation. 

To the north along strike, Dennison, Travis and 
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I. Contrasrmg models of tectonic thinning by faulting on the northwest limb o . . the Wi 
Mountain anticline. 30 vertical exaggeration. A. Splay fault interpretation modifi 
from Dennison and Naegele (1963). Dennison and others (1966)and de Witt and Dennis0 
(1972). B. Extension fault interpretation modified from Perry (1971). Dashed lines 
decollement or splay faults. Sirort solid lines in wuer left of sect-B are nx*cnsi 
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Pergasoa (1966) infer the preseace of four major fault 

zoaes in the Brallier Formation (Rittlelick, Damson, 

Cresaptovn [station 3 JL and Hyndman [station 211 fauLts) 

largelp fro* geomorphic evidence of a narrow strike 

valley, but also from measured stratigraphic sections- 

Dennison, Travis and Pergason (1966) infer that these 

fault zones am splay faults rising from a deep 

detachaent, probably located iu the Ordovician Reedsville 

Formation- De Uitt (1974 and written coomunicatioa, 1978) 

proposes on the basis of seismic data that the Hyndnan 
. 

fault is a large splay fault with associated extension 

faults in the fnult zoae, particularly in the vicinity of 

the village of Eyadman, 

_ Ue believe that the tectonic thinninq reported by 

Dennison and Raegele at our stations 3 (La Vale) and 4 

(Ketteraan's Knob) was accomplished more by small and 

medium size,late tectoaic extension faults than by the . 
single splay faults envisioned by Dennison and Haeqele 

(1963) and de Uitt and Deanisoa (1972) (Pig. 5). Our 

arguments ate three. Pirst, all four inferred splay faults 

crop out in and thin the Erallier Formation, This requires 

a fortuitous coin&deuce of erosion level uith the 

intersectioa of the Brallier Formation and the fault 

surface and must occur for all four faults. If a fault is 

a splay and thus not coafined to the Brallier, then it is 
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about equaLly likely to crop out stratigraphically above, 

within, or below that uait, Second, as shown in Table 3, 

the Brallier Formation shows. more extension faults than 

does ang other Devonian unit examined, Third, as noted 

above uodet."Pield Nethods', the Bralliet contains more 

ainor faults, many unclassifiable, thaa does any other 

unit eraminedr Ue suggest a siapler explanation that the \ 
Brallier Formation localizes extensiou faulting in our 

study area (Pig, S), These small extension faults may not 

descend to the 3etacttment in the Reedsvilla Pormation, but 

could have considerible slip. Perry (1971) has recognized 

a nap-scale extansion-like fault on the Wills aountain 

anticline (see also. de Uitt, 1974). 

We suggest that the Dawsoa thrust of Dennison and 

laegele (1963) and de Uitt and Dennison (1372) is a large 

extension fault because we observed fev minor extension 

faults in the outcrop belt of the fault zone (station 21 

and in exposures near station 1). 

The thinning in the Bpndnan fault zone is more likely 

to be due to splay faulting than to the associated 

extension faults (de aitt, uritten communication, 1978) on 

the basis of confidential seismic data available to de 

Uitt, Hoverer, the thinning mapped at the surface (de 

aitt, 1974) may not be clearly connected with the splay 

fault observed on the seismic section at depth because 
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poor reflections are usually received in such areas of 

steep dips, 

The Kittlelick fault is thought to be a fault zone by 

t 

..- 

Dennisoa, Travis and Perguson (1966), Ye agree but 

suggest that the thinning along the Kittlelick fault is 

due to a zone of extension faulting similar to the zone of 

numerous extension faults observed along the Cresaptovo 

fault aad near Ketternan's Knob, Ue also suggest that 

thinning of stratigraphic units adjacent to the Kittlelick 

and Eyndaan faults as reported by Dennison and others 

(1966) and de Uitt and Dennison (1972) may also be due in 

part to extension faulting as well as to branches troa 

splay faults- 

PERCENT EXTElSIDN 

?Sariauu possible amount of extension due to faulting 

(P) is estimated by 

F = BPlZ(BPT/ET) (D/2.5) (3) - 

uhere BPE = the sum of the amounts of bed-parallel 

extension of measured extension faults. 

The value (P) is the amount of extension for a limb of a 

fold based on extrapolation of measured values of 

bed-parallel extensioa, The greater the (P) value the 

greater the possibility of a fold being suitable for gas 

in fractured reservoirs. This estimate is a maximum 

because the extensioa is generated as beds are faulted 
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apart in directions parallel to bedding but the resultant 

voids are simultaneously reduced by tectonic thinning- 

As. shouu in Table 4, the (P) value due to 

bed-parallel. extension on the Wills mountain anticline can 

be locally almost 3SX of total structural relief. Ue have 

noted that extension faults are always associated with 

extension fractures, Ue suggest that qualitative 

estimates of ths relative. amounts of fracture porosity and 

permeability in the subsurface can be aade by comparison 

of bed-parallel extension values (P). 

Murray (1968) obtained a value of -05 percent 

fracture porosity from a geoeetric analysis of bed 

curvature in a producing field with very Lou primary 

porosity. Oe believe there cccut zones or patches of 

concentrated fracture porosity, or permeability, or both, 

depending on the response of a particular stratigraphic 

unit to the local maximum principal compressive stress. 

Uhere many saall measurable faults extend the beds, rather 

than one or a few larger.unneasurable extension faults, 

then our data will show a higher percent extension. Along 

the Allegheny Trout in southern Pennsylvania, Uaryland and 

northern Zest Virginia (Dennison and Naegele, 1963), these 

faulted zones wry in intensity northeast and southwest 

along strike of the Brallier Formation. It is also 

possible that faulted zones vary vertically throughout the 
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liab in the subsurface, Cfore detailed stratigraphic work 

is necessary before drilling targets can be selected. 

However, estimates of tectonic thinning by Dennison and 

Naegele (1962) e Dennison and others (1966), and de Iiitt 

and Dennisoa (1972), values in out Table 3, and the 

abundant unclassified fractures cbserved in the shaly 

parts of the Brallier Foraatioa all suggest to us tbat the 

Bralliet may be the most highly extension-fractured and 

-faulted unit in the subsurface+ 

Extension faulting is usually restricted to a 

relatively brittle bed or beds bounded by no:e ductile 

shalp beds. Thick-bedded brittle units do not show well 

developed ertension faults, nor do ductile black shales 

that we examined. Results consistent with these statements 

have been obtained in experimental vork (Grigqs and 

Handin, 195,9). Ye suggest that the 0.3 to 0.7 R thick, 

shale-bounded siltstones near the base of the Brallier 

Formation vould be the most likely candidates for 

production controlled by extension faults. They ray be 

the equivalent of the sycamore sandstone or siltstone 

(Patchen, 1977), a unit recognized oaly in tbt subsurface 

of central Uest Virginia and vhich produces small amounts 

,.- 

of gas. 

Any patchy distribution of tectonic thinning may be 

due to the presance or absence of lubrication between beds 
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(see Reches and Johnson, 1976). Uhere the bed packets are 

unlubricated, tney may lock and fail by axtension, .as 

described above, Uhere they are lubricated, they ray - 

undergo flexural slip without extension, The trpe and 

disttibation of labzication is beyood the scope of this 

papet- Alternatively, there exists the possibility that 

the zones of intense extension fracturing and extension 

faulting may be due to the presence of a nearby large 

splay fault. 

GAS POTElVTIAL . 

Any potential fractured reservoir whose porosity aud 

permeability are partly or wholly due to extensiou 
. 

fracturing would be located in folds of the eastern or 

Eiqh Plateau (Gvinn, 1964) or Valley and Ridge province 

vhere dips greater than 45 degrees allow extension 

fracture formation (Berqer and Uheeler, as. in reviev). 

If the Brallier Formation is selected as the target gas 

bearing formation, then the Glady, Horton, Blackvater and 

Deer Park anticlines vould be the best potential sites in 

the High Plateaa because the Brallier is not exposed but 

i,s present at shallou depths and may contain steeply 

dipping beds. In the Valley and Ridge province the 

Broadtop syuclinorium also offers steeply dipping Brallier 

Formation in subsurface anticlines (Jacobean and Kanes, 

1974). If the soarce of gas in the BraLlier is the 
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underlying dark, keroqen-rich shales, then the prime 

drilling targets vould bc? off the crests of the anticlines 

on the steep, extended limbs, Drilling targets on the 

limbs have not been adequately tested in the past (a. 

Shunaker, oral comauication, 1978), Here thinned, steeply 
m 
dipping, extended BtaUier rocks may overlie dark shales 

thinned by flovaqe tovard~ cores of detached anticlines 

that qrev over inbricated stacks of Oriskaay Sandstone and 

older rocks, The presence of gravity lous near the crests 

of anticlines indicates shale flovage (Kulander and Dean, 

1978),. 
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Extension in Kink-Bands and on the Limbs of Kink Folds 

Philip S. Bergerr and Russell L. Wheeler 

, Depattment of G8OlOgy and Geography 

West Virginia University 

Horyantovn, West Virginia 26506 

ABSTRACT: Beds in kink-bands can undergo bed-parallel 

extensioa vhen the angle betveen the .kink surface and the 

kink-band is less than the angle b8tV88n the kink SUrfaCe 

and the enveloping beds, Field investigations in the 

Diddle and Upper Devonian elastic sequence of the central 

Appalachians indicate that'the kink-band undergoes 8ore 

extension fracturing and jointing and shows more tuist 

hackle than the enveloping beds. Eiouever, comparison of 

measured values of extension vith predicted volume 

increases izr kink-bands indicates that only about 10 

percent of the volnxe change is translated into extension 

fractures. 

The intersection of tvo inclined kink-bands produces 

a kink fold that is identical in gross iorn to a chevron 

fold formed by buckling, but can be distinguished by 

associated fold forms, The geometry of second order folds 

(Uickelsen, 1963) of the central Appalachians can best be 

accounted for bg a kink fold model (Paill, 1969, 1973). 

Gravity lows indicate thickened low density shale on 
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anticlines, We suggest that there exist thinned and 

extended units dmndip from the thickened shale sections, 

Therefore, nap-scale kink folds should have the most 

thinning by extension fractutinq and faulting low on the m 
steep limb in the subsurface* There, such folds are more 

Likely to contain gas in fractured reservoirs. 

IRTRODUCTION 

Dennis (1967) defines kink-band as a tabular zone 

along vhich foliation is deflected. A kink fold is forned 

from the intersaction of tvo kink-bands, A LLnk fold nay 

be in the form of a box fold or nay have planar Lnbs'and 

narrow hinqes similarly to a chevron fold (Fig. 68). 

Recent work by Fail1 (1969, 1973) has shova that the 

typical map-scale folds of Pennsylvania have planar limbs 

and nasrov, hinges that can best be explained by kink-band 

deformation. The geometric and kinematic sisilarities 

bstueen map- and outcrop-scale kink-bands suggest to Pail1 

that the processes and nechanisas that gave rise to the 

large folds vere identical to those that produced the 

small folds. 

In this paper, we use outcrop-scale folds 'to provide 

information about relative amounts of bed ertension on 

limbs in map-scale folds. Anticlines with large amounts 

of extension say contain suitable exploration tarqats for 



I. Y L .)ePt. 02 Geology and Geography 
Dec. 1978 59 

. 

, 

!. 

gas in fractured reservoirs, 

KINK-3AIDS AYD AIYA FOLDS 

Pail1 (1969, 1973) is able to explain aost attributes 

of central bppalachian fold style by using the 

iatersectioa of two kink-bands inclined touard each other 

with opposite senses of rotation and divergent kink axes, 

However, Johnson (1977) argued from elastic theory that 

folds vith planar limbs and narrow hinges also can arise 

from another sequence of development (Fig. 6A). Yohnson 

proposed that hinges can narrow and limbs straighten 

progressively during folding, thus transforming a 

concentric-like fold into a chevron fold. Conceivably, 

tension fractures may form due to initial bending and 

later straightening of the limb (B. Kulander, oral 

communication, 1978). These chevron folds can appear 

almost identical in outcrop to kink folds formed by the 

intersection of two inclined kink-bands, The kink-bands 

tend to form vhen the beds are lubricated (separated by 

very veak interbeds) and when the maximum principal 

compressive stress is at a small angle to beds (Johnson, 

1977). Chevron folds formed from concentric-like folds a=e 

aost likely to occur vhen the beds are not lubricated, 

vhen the surrounding medium is softer than the folded beds 

and vhen the maximum principal coapressive stress 

parallels the beds. Hovever, ChappLe (1978) notes that 
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Figure 6. Contrasting models of formation of chevron and kink folds. 

Horizontal lines at left are selected beds. A. Sequence from _ 

sinusoidal to concentric-like to chevron forms. B. Sequence 

from low, sinusoidal forms to kink forms, with local chevron 

forms [after Johnson, 1977). Dashed lines denote kink surfaces. .' 

-- 
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the applicability of Johnson's elastic theory to folding 

is not entirely clear,. 

Ue have tried to discriminate in the field between 

chevron folds (rig, 6~) and kink folds formed from the 

intersection of tuo kink-bands (Pig, 68). Johnson (1977) 

suggests that chevron folds map have vestiges of their 

earlier concentric-like form (Pig, 6A) * The combination of 

conceatric-like and chevron forms causes no room probles 

in the cores of folds. The folds are simiiaz in styla and 

can extend indefinitely parallel to the axial surface, On 

the other hand, Berger has observed that many kink-bands 

and ki.nk folds die out in either direction parallel to the 

kink surface, If the fold is asymmetric, then it is 

probably a kink fold formed by the intersectioa of two' 

kink-bands of unequal vidth (Paill, 1969). The chevron 

folds of Johnson (1977) are usually symmetrical. Although 

these diagnostic criteria are not infallible, they can 

indicate the affinity of the fold. 

Ramsay (1967, p. YSO) concludes that less vor1( is 

expended to shorten a layer by the production of 

kink-bands or paired conjugate kinks than by the formation 

of symmetrical chevron folds. Thus it seems logical to 

conclude that kink folds vi11 be more prevalent in nature. 

Planar-limbed folds of uncertain affinity are thus more 

likely to be kink folds. 
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EXTENSION IN RINK-BANDS 

Raasay (1967, p- u49) uses a geometric model to 

predict the amount of dilation (b) in a kink-band (Pig. 

'1 * The amount of dilation4 = (sin $A /si.nT, ) - 1 ( 1) 

where p, is the angle betueen the axial surface and the 

enveloping beds, and B& is the angle between the axial 

surface and the kink-band. If q >& thenPt0 and the 

j 

layers thin and extend parallel to bedding. Kulander and 
/ 

Dean (ia review) use this method to predict the amount of , 
i 

porosity in kink bands. They estimate that 10 percent 
.. 7 

Forositp can occur when the beds separate (?,<&and A>O). 
/ 
. I 

They determine that porosity can also occur as the beds 

separate in the hinges of 'kink-bands if 8 ~4, but‘ that 

. 

the amount of such hinge porosity depends on the thickness 

to length ratio of the beds composing the kink band. 

In this study, ve ase interested in kink folds where 

4<0, so that ona limb is extended, Generalizing this model 

to central Appalachian folds that have planar limbs and 

narrow hinges, ?, is the angle between the aria1 surface 

and the shallow limb, q2 is the angle between the axial 

surface and the steeper dipping limb. Ue have investigated 

several planar-limbed folds to try to observe xore 

extension in the kink-band or in the steep Limb. We 

compara the measured amount of extension vith the amount 

of extension ptedicted by aquation (l), and assume to 



L 
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Figure 7. Kink-band model of fold development showing relationship ofb, and,js to 
the kink surface and tinning and extension of beds in the kink-band (A) ( 
steep limb of a kink fold CB) . CT; 
bed thickness. 

is original bed thickness, t is thinned 
EL 
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start that the dilation is completely translated into 

extension fracture% As ue shall see, that assumption is 

overly optimistic, but that vi11 not change the validity 

of the follouing analysis. 

FIELD IHVZSTXGATXOHS 

Tipton, Pennsylvania (Fig. 8, 9). This fold is a 

northeast-plunging kink-band in the steeply dipping 

Devonian Brallier Formation on the northwest limb of the 

Eittaap htch. The shallow limb is the kink-band. the 

steep linb is the enveloping bedding and&<O- As show in 

Figure 9, there are more joints, unclassified fractures, 

_- extension f ractares, and tvist hackle (Rulander, Dean and 

Barton, 1977; Kulander, Barton and Dean, in reviev) in the 

kink-band than in the enveloping bedding. Berger measured 

1.7 percent extensioa bp fracturing in the kink-band- The 

amount of extension by fracturing is the sum of the 

amounts of separation of all fractures in a measured 

length of a single bed, Equation (1) predicts 19-S 

percent erteasioa in the kink-band. 

Watts, Penasylvania (Fig. 8). This kink-band in the 

Devoaian Trimmers Rock Formation (Paill, uritten 

communication, 1978) dies npvasd in the exposure, parallel 

to the kink surface. In this case, the steep limb is the 

kink-band andA<O. Berger measured 3.0 percent extension 

by fracturing in the kink-band. Zquation (1) predicts 35.3 
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Figure 8. Location map showing exposures and significant tectonic elements. Dashed 
lines are anticlines, arrows denoting plunge. 
of the Broadtop synclinorim. 

Dotted line marks boundary 

exposures. 
Hachured line is a thrust fault. Circles are 
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percent extension, 

Horthunberlaad, Pennsylvania (Pig, 8). This large 

kink-band $n aearlr horizontal beds of the Devonian 

Catskill Porlration (Paill, written communication, 1978) 

hasd >O so that ue uoold expect shortening and separation 

of beds rather than extension, Rouever, the kink-band 

shoved excellent extension fractures (Berger and Wheeler, 

IDS* in review) that produced 1.6 percent extension. 

The results of our field investigations indicate that 

extension by fracturing amounting to approximately ten 

percent of the predicted value is likely in kink-bands, 

Berger noted as predicted that beds at Tipton, 

Pennsylvania are more extended in the kink-band than in 

the enveloping bedding. This is consistent vith the Ramsay 

(1967) model of beds undergoing extension in the 

kink-band,. if d<O, Results more consistent with predicted 

values night be foand'in thinner bedded units than ue 

examined, because thicker units are extended a lesser 

amount, proportionally to their thickness (Ramsap, 1967, p- 457)- 

MAP-SCALE FOLDING 

Anticlines in the central Appalachians can grow by 

crestward flovage of shale and mudstone units (Wheeler, 

1975; Perry and de Uitt, 1977; Kulander and Dean, 1978). 

For more brittle units, Berger and Yheeler (in 

preparation) show that extension faults can thin and 
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extend beds on the steep lisbs of asymmetrical anticlines, 

providing a significaht contribution to anticlinal growth. 

The presence of gravity lows on the northwest (steeper 

dipping) limbs of the Wills Boonntain, Blackvater, Browns 

Hountain and Glady anticlines indicates to us one or both 

of (1) flowage of low density shale from low on the steep 

limbs to high on those limbs, or (2) thickened or repeated 

shale sections iue to (a) detachment-related, pre-folding 

thrusting (Rulander and Dean, 1978; stage I of 8erger and 

others, in press), or to (b)-vertically dipping low 

density shales (8, Kulander, oral communication, 1978). 

Ve would expect gravity lows that are detachaent- 

related to extend parallel to the anticlinal axis until 

the detachment surface changes level along a transverse 

step. Thus the relatively long, linear gravity lovs on the 

northwest Limbs of the Uills Kountain and Browns hountain 

anticlines (Kulander and Dean, 1978, plate 2) are probably 

more the result of fault repetition and thickening of the 

Ordovician nartinsbarg Formation and Devonian shales than 

to lobate crestward flov of ductile rocks (8. Kulander, 

oral communication, 1978). In contrast, the circular lous 

on the northvest liabs of the Blackuater and Glady 

anticlines are more likely due to lobes of uplinb flovage 

in the ductile units of the fliddle and Upper Devonian 

elastic sequence. On the northuest limb of the Wills 
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Mountain anticline, the discontinuous strike-parallel 

linear gravity lows terminate within a few kilometers 

along strike of the discontinuous strike-parallel linear 

belts of thinned Devonian BraUier Fornation mapped by 

Deanison and Aaegele (1963). The gravity lows are caused 

bp thickening of Ordovician aartinsburg formation and the 

vertical beds of the Hiddle and Upper Devonian elastic 

sequence and the thinned outcrop belt is caused by 

ertensioa and other tectonic thinning of the Devonian 

Bragier formation (Derger and Wheeler, in preparation; 

Dennison and Naegele, 196.3). On the Blackvater and Glady 

anticlines the inferred thickened shale lobes suggest that 

there exists a thinned Brallier formation lower on the 

linb'that is subjected to extension faulting (Berger, 

Perry and Uheeier, in press) in the brittle units and 

flowage in .the ductile units. This thinning would be 

similar to that observed in outcrop in the Devonian 

Brallier Pornatioa (Dennison and Yaeqle, 1963; Berger and 

Uheeler, in preparation) and could indicate gas 

pot eatiallp in a fractured reservoir. The source beds 

could be the Devonian black shales (the Marcellus and 

Barrel1 formations) and the flowed, thickened, perhaps 

heavily slickensided shale updip could seal the reservoir. 

Ue suggest further exploratioo for thinned and fractured 

shales down-dip of the buried, thickened shales that we 
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infer to lie beneath the observed gravity lovs (Fig. 10). 

Por steep northuestuard dips, the suqqested exploration 

i- 
A. 

c: 

1’ 

target would lia roughly under the' northwestern boundary 

of a circular gravity low. Additional gravity 

measurements and rodelinq of the gravity lows mapped by 

Kulander and Dean (1978), guided by coustruction of 

balanced cross sections (Dahlstroa, 1969b; Perry, 1971), 

should define those targets more exactly. 

The kink fold model of folding also implies that 

thinning by extansion can occur on the nocthuest (steep) 

limb (Figure 28). Folds thickened near the crest and 

thinned lower on the limb can still have planar limbs anci 
. 

naxrou hinges consistent vith a kink-fold node1 of 

map-scale folds. 
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COICLUSTOIS OF ENTIRE THESIS 

1) Outcrop-scab and map-scale faults that formed during 

overall horizontal shortoning and associated detached 

folding can be placed in a thr,ee-stage relative time 

sequence, . 

2) Wedge-shaped coatractioa faults form early (stage I) 

when beds are aaarly horizontal. These faults map have 

associated anticlines and map be smaller versions of the 

detachment and ramp systems characteristic of 

allochthonous fold bklts. In beds later rotatad to steep 

dips by folding, contraction faults will show normal fault 

separation at a low angle to bedding. In cratonvard-facing 

folds, contraction faults vi.11 shou a dovnlinb sense of 

displacement. 

3) Uplinb thrusts form during folding (stage II) and 

record relative reverse aovenent toward the anticlinal 

hinge. These faults serve to raise tbe limbs of anticlines 

to solve space problems, 

4) Extension faults and extension fractures form late in 

folding (stage III) when beds rotate so far towards the 

vertical that the effect of vertical extension exceeds 

that of horizontal shortening. Extension faults are 

reverse faults foraed at high angles to beds and rotated 

I 

.., 

. . 
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little or not at all. Unequivocal extension fractures are 

lenticalar and form normal to beds- 

5) Extension fracturing will begin when bed dips reach r)S 

degrees assuming that there is no core than z.1(e3) hinge 

line parallel strain. 

6) Extension faults and associated fractures provide a 

significant contribution to: a) anticlinal growth, b) unit 

thinning, and c) bed extension thus favoring formation of 

fractured gas reservoirs, 

7)The Dauson, Cresaptovn, and Kittlelick thrUStS of 

Dennison and Haegle (1963) are more likely zones of 

extension faulting than single detacbrent-related splay 

faults. The Ayndaan fault is more likely a splay fault 

but has associated extension faults, 

8) The BralUer Poraation is the Devonian unit most 

intensely deformed by extension faulting and extension 

f racturinq, Given a gas source (the underlying Barcellus 

and Barrel1 Formations) and a seal, it may be a shallow 

gas exploration target on the northwest limbs of the 

Glady, Horton, Blackwater and Deer Park anticlines. 
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9) Limbs of kink folds and beds in kink bands can undergo 

extension parallel to the beds when the angle betveen the 

kink surface and the Kink-band is less than the arlqle 

between the kink surface and the enveloping beds, 

10) Although kink-bands show evidence of more extension 

than do the enveloping beds, the amount of extension 

measured is less than the amount predicted. Only about 10 

percent of the predicted volume change is translated into 

extension fractures, 
*_ 

11) Circular gravity lows on the northwest limbs of the 

Blackwater and Glady anticlines can be due to lobate 

thickeninq of shales high on the limbs and thinning lov on 

the limbs. Thinning can occur in the Brallier formation 

similarly to that mieasured on the northwest limb of the 

Uills Hountaia anticline by Denaison and Na8q212 (1963). 

Ye suggest exploration under the northwestern boundaries of 

the mapped gravity lows to intersect the inferred thinned 

shale sections, uhich may contain gas in fractured 

reservoirs, 
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SUGGESTTORS FOR PUTUBE WORK 

1) Tn many instances, contraction faults (stage I) 

have associated anticlines, These form over saallet 

versions of the ramps with which major detachment surfaces 

change stratigraphic level, I have identified many 

contraction fault localities, These ,are listed in Appendix 

IV. Study of these faults as well as those from other 

localities cau give insights into relative ductilities of 

rocks involved in ramp fomaticn, ratios of length of ramp 

to height of associated anticline, initiations and 

terminations of ramps, terminations of associated 

anticlines, problems of conservation of space, and the 

nature of the most energy efficient structures. 

2) An oitcrop study of uplinb thrust faults (stage 

II) vould probably not be feasible because these faults 

are rarely exposed and are usually so large so as to be 

unidentifiable on outcrop scale. However, 1 found one 

uplinb thrust that is classic in form, but it may also be 

a shear zone associated vith an igneous intrusion. 

Petrographic work iu the fault zone to determine if the 

cataclastic material had igneous or sedimentary affinities 

would answer this question. The zone in questioa crops out 

in Ryder Gap, Bath County, Virginia (Station 8 of 

manuscript three, Appendix I), 

3) Kink folds are formed by a different process than 
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are chevron folds (see ganuscript four). Kink folds are 

products of shearing and chevrcn folds, of buckling. 

Examination of strain markers such as burrows, fossils or 

oolites or analysis of quartz deformation lamellae and 

calcite tuin laaellae can yield information on the origin 

of the fold. 

+ 



: lL. of'%ology and Geography , ..I d., 

1 ,. . ..1 De:. I..,&, 77 

, 

, 
[<:i 

1 - 

r 

1. 4 

IL. ; . . 

REFERENCES 

Betger, P. S, and Uheeles, R. L., msr The western 

limit of ertension~fracturing in Uest 

Virginia: q s in review, 13 p, 

Eerger, P, S,, Perry, Y, J,, and Uheeler, 8. L-, 

-I Three stage model of brittle 

deformation in the central Appalachians: 

Southeastern Geology, in press, 17 p. * 

Carded, Barry S., msI 1959, A Geologic'Study of the 

Terra Alta Gas Pield, Preston County, Vest 

Virginia: fl. S. thesis, W. Va. Univ., 220 pa 
/ 

Cardvell, D, a 1975, Geologic history of Jest 

' Virginia: U, Va, Geol. and Won, Sur., 

Educational Series, 64 p. 

Cardvell, D., 7973, Deep Uell and Structural 

Geologic Flap of Vest Virginia: U. Va. Geol. 

and Econ. Sur. 

Cardwell, D., Erwin, R. and Woodvard, R., 1968, 

compilers, Geologic Map West Virginia: 
I, Horgantoun, Y, Va., ii. Va- Geol. and Won. SUt- 

Chapple, U., 1978, Styles of folding: Am. Geophys. 

Union Trans-, v. 59, p-860-861. 

Cloos, E-, 1964, Wedging, bedding plane slips, and 

gravity tectonics in the Appalachians: in 

Tectonics of the Southern Appalachians, 

_-.--- 



.XR bile: I 1.;:) 
O'U Dept. oC !:ro Logy and GeoeraDhy 
Dec. 1978 

Virginia Polytechnic Institute, DepartDent 

of Geological Sciences, Xemoir 1, p. 63-70. 

Cloos, E. and Broedel, C., 1943, Reverse faulting 

north of Harrisburg, Pennsylvania: Geol. 

sot. Amer. Bull., v. 54, p. 1375-1398. 

Dahlstrom, C., 1969a, The upper detachment in 

concentric folding: Bull. Can. Petr. 

Geol., v. 17, p. 326-346. ' 

Dahlstrom, C., 1969b, Balanced cross sections: 

Canadian jour. Earth Sci., v. 6, p. 

743-757. '- 

Dean, S., and KuLander, B., 1977, Kinematic 

analysis of folding and pre-fold structures 

on the southvestern flank of the 

78 

Williamsburg anticline, Greenbrier County, 

West Virginia: Abstracts with Programs, 

Geol. Sot. Amer., Vol. 9, n. 2, p. 132-133. 

Dennis, .I., 1967, International Tectonic Dictionary: 

Am. Assoc. Petroleum Geol,, Memoir 7, 796 p. 

Dennis, 3.. 1972, Structural Geology: New York, 

Ronald, 532 p. 

Dennison, J. fl. and Naegele, 0. D., 1963, Structure 

of Devonian strata along Allegheny Front 

from Corriganville, naryland, to Spruce 
.- - 
Knob, Uest Virginia: Yest Virginia Geol, 



2 :1 cj9 

,:J'; ,J&;t. ox Geology and G 

Ilcc. 1975 
eography 79 

I 
! ‘_ 

( ,-- 

i 
/ 
1.’ 

and ECOL Survey, Bulletin 24, 42 p. 

Dennisoa, J, Hr, Travis, J, U.., and Perguson, J. 

ii -, 1966, KFttleLick thrast: a new fault in * 

nineral. and Grant Counties, Yest Virginia: 

Proceedings of the Yest Virginia Academy of 

Science, 1966,. vm 38, pw 177-185. 

de Pitt, U., 1974, GeoLogic Map of the Beans Cove 

and 0yndman Qaadrangles and part of the 

Pairhope Quadrangle, Bedford County, 

Pennsylvania: U,S,G-S- IYap I-801, 

de mitt, U, and Dennison, 3, L, 1972, The 

Allegheny Front from Bedford County, 

Pennsylvania to Grant Cbunty, West Virginia 

in Dennison, 3, n., ed., Stratigraphy, 

sedinentology, and structure of Silurian 

and Devonian rocks along the .Allegheny 

Front in Bedford County, Pennsylvania, 

Allegheny County, naryland, and Hineral and 

Grant Counties, Yest Virginia: Harrisburg, 

Pa., Pennsylvania Bur, Topog. and Geol. 

Survey, Guidebook for 37th Ann. Field Conf. 

of Pennsylvania Geologists, p. 14-32. 

Dieterich, J, H,, and Carter, 19. L., 7969, 

Stress-history of folding: Am. Jour. Sci., 

v. 267, p. 129-154. 



-‘J ?. 
I’yIJ lPJ”-, or ::eology and Geography . 
Der . I:‘ ", 80 " 

Durney, D- and Raasay, J., 1973,. Jncreoent31 

strains measured by crystal growths: in 

Gravity and tectonics, ed, by De Jong, K. 

and Scholten, R., John Uiley and Sons, New 

York, p. 67-96. 

.Engelder, T, and Engelder, II., 1977, Fossil 

distortion and decollcment tectonics of the 

Appalachian Plateau: Geology, Y- 5, p. 

457-460, 

Paill, R., 1969, Kink band structures in the Valley 

and Ridge proyin&, central Pennsylvania: 

Geol, Sot, Amer. Bull., Y. 61, p. 857-876. 

Paill, R., 1973, Kink band .folding, Valley and 

Ridge Province, central Pennsylvania: Geol. 

sot. Amer. Bull., Y, 84, p. 1289/1314, 

Gair, J-, 1950, Some effects of deformation in the 

central Appalachians: Geol, Sot, Amer. 

Bull,, Y, 61, pw 857-876. 

Geiser, P,, 1970, Deformation of the Blooasbu rg 

Formation in the Cacapon Kountain 

anticline, Hancock, naryland: Ph. 0. 

dissert., The Johns Ropkins Univ., 150 p- 

[Ann Arbor, Kich., Univ. Hicrofilns] 

Geiser, P., 1977, Early deformation structures in 

the central Appalachians: A model and .its 



i - 

i I- 

rP 

“L;!; ‘kpt. of Geology and Geography 
i~ci- . 1978 

implications (abs,): G&l, Socuith 

America, Abs, with Programs, v. 9, p. 
. 267-268, 

Griggs, D, T, and Bandin, SW, 1959, Observations on 

fracture and a hypothesis of earthquakes, 

in Griggs, D, and Handin, J., eds., Rock 

deformatioa - a symposium: Geol, Sot. 

America dear, 79, p-347-373, 

Guinn, V., 1964, Thin-skinned tectonics in the 

Plateau and aorthvestetn Valley and Ridge 

provinces of the central Appalachians: 

Geol, Sot, Amer. Bull., v. 85, p. 863-900. 

Gvinn, V., 7970, Kinematic patteras and estimates 

of later31 shortening, Valley and Ridge and 

Great Valley provinces, central 

Appalachians, south-central Pennsylvania: 

in Fisher, G., Pettijohn, P., Reed, J., and 

Weaver, RI, eds., Studies of Appalachian 

Geology-Central and Southern: Nev York, 

Iaterscitace Pubs., p. 127-146. 

fraught, o., 1968, Structural Contour Kap Datum 

Greenbrier Liaestoae in Uest Virginia: 

Korgaatovn, P. Va., U. Va, Geol. and Icon. 

Sur. 

Jacobeen, P, aad Kaues, R, H., 1974, Stracture of 

. . 



‘JGR Fi it. :.;I, 

NW r’T‘,3i. 0 - ‘ieology and Geography 
Dec. 19YE 

82 

Broadtop synclinorium and its implications 

for Appalachian structural Style: Bull. 

American Assoc. Patroleum Geologists, VI 

5@, P- 362-375. 

Johnson, A,, 1977, Styles of Folding: Amsterdam, 

Elsevier, 406 p. 

Ring, G., 1973, Geometric analysis of minor folds 

in sedimentary rocks: II, S, thesis, li. Va, Univ. 

Rulander, B- and Dean, SI, 1972, Gravity and '. 

structural reconnaissance across Browns 

Hountaia, Wills Hountain, and Warm Springs 

anticlines - Gravity study of the folded 

Plateau, Vest Virginia, Virginia, and 

naryland: in Appalachian Structures, 

Origin, Evolution, and Possible Potential 

for nev Exploration Frontiers, norgantoun, 

Y. Vi., ii, Va. Geol, and Icon- Sur. 

Kulander, B., Barton, C, and Dean, SI, The application 

of fractography to core and outcrop fracture 

investigations: unpublished manuscript, in 

review, 138 p- 

Kulander, B. and Dean, S,, 1978, Gravity, 

Ragnetics, and Structure, Allegheny 

Plateau/Yestern Valley and Ridge in West 

Virqinia and Adjacent States: West Virginia 

: 

: 4 
. . 

. I 



’ -.I’: ,c,):. ,- - 

kc. 
. ox Geology and Geography 

1378 83 

,- 

i. 

i - 

L. 

I 
. 

1.. 

1 . 

i 
i . ( 

i 

Gedl, and Econ. Survey, Rept. of 

Investigation RI-27, 61 p, 

Rulander, B, and Dean, S., aoae trough relationship to 

fracture doaains, regional stress history and 

decollement structures: unpublished manuscript, 

in review, 17 pII 

Kulander, IL, Dean, S, and Barton, C -I 1977, Practographic 

logging for determination of pre-core and 

core-induced fractures-Nicholas Combs no. 

7239 well, Bazard, Kentucky: UERC/CR-77/3, 

Distribution Category UC-92, U. S. Dept. 
. 

of Energy, Horga'atoua Energy Research Center, 

P. 0. Box 880, Dorgantovn, Rest Virginia, 44 p. 

Lundegard, P., Samuels, N, and Pryor, W., 1978, The Bralliet 

formation - Upper Devonian turbidite slope facies 

of the central and southern Appalachians: in preprints 

for: Second Eastern Gas Shales Symposium, vol. 1, 

October, 1978, U. S. Department of Energy, 

Eorgantovn Energy Technology Center HETC/SP-78/6vol. 1, 
-. 

P- 4-17, 

Uilner, U., OS, 1968, Petrology, Stratigraphy, and 

Structure of the Basal Section of the 

Greenbrier Limestone in the Vadis Field in 

Lewis and Gilmer Counties, Uest Virginia: 

R. s, thesis. 51. Va. Univ., 42 p. 



,\, \. _ (1 .55 
,. . . 
,I$ / : ‘.I. of Geology and Geography 
Dec. il ;s 

84 

Hitchell, P-, ms, 1960, Geology of the Chestnut 

Ridge Gorge ot Cheat River: l¶. S, thesis, 

9, Va- Univ,, 84 pI 

Hyrray, G., 196R, Quactitative fracture study-Sacish 

Pool, !!lcKenzie County, North Dakota: Am. 

Bssoc, Petroleum Geologists Bull., v- 52, 

P- 57-65. 

Aickelsen, R., 1963, Fold patterns and continuous 

deformation mechanisms of the central 

Pennsylvania folded Appalachians: in Cate, 

A ., ed., Guidebook: Tectonics and Cambro- 

Ordovician Stratigraphy, ,Central 

Appalachians of Pennsylvania, Pitt. Geol. 

sot. with thE? Appal. Geol. SocI. p. 13-29. 

Nickelsen, R., 1976, Sequence of structural phases, 

Allegheny orogeny, Pennsylvania (abs,): 

Geol, So:, America Abs. uith Programs, v. 

8, p. 235, 

Nickelsen, R., 1978, Uultistage deformation within 

an erogenic phase (abs,): GeoL Sot. 

America Abs. with Programs, v. 10, p- 23, 

Rorris, D,' R., 1958, Structural conditions in 

Canadian coal mines: Canada Geol, Survey 

Bull. 44, S4 pa 

Norris, i. K-, 1964, Hicrotectonics of the Kootenay 
. . 



85 
. 

!- 

- 

L 
f’ 
I 

I, 

L 

i-. 

he-i.;3 r: i IC: # 1.59 
..:> ‘)C,.,i* 

kc. 1!:78 
of Geology and Geography 

Formation near Peraie, British Columbia: 

Bull, Caaadiaa Petroleum Geologists, v, 12, 

P- 383-39 8, 

Patchen,, D, Gm, 1977.. Terminology and correlation 

of Riddle and Upper Devonian elastic 

formations: Hountain State Geology, Uest. 

Virginia Geol, and Econ,Survey, Dec. 1977, 

p. u-9. 

Perry, U., Jr., 1971, Structural development'of the 

Nittany anticlinorium, Pendleton County, 

West Virginia: New Eaven, Coan., Yale 

University., Ph. D, dissert., 227 p. 

Perry, U., Jr., 1975, Tectonidls of the western 

Valley and Ridge Foldbelt, Pendleton 

County, Vest Virginia - a summary report: 

U. S, G. S. Jour. Besearch, v. 3, p. 

583-588. 

Perry, U., Jr., 1978, Sequential deformation in the* 

central Appalachians: Am. Jour. Sci., v. 

278, p. 51805Y2. 

Perry, U., Jr., and de Yitt, U,, 1977, A field 

guide to thin-skinned tectonics in the 

central Appalachians: Annual AAPG/SEPM 

Convention, Uashington, D, C., June 12-16, 

1977, 54 p. 



IJGR File :: !33 
i'!vu :)r1;. 0.: 
Dec. I I) 7 :; Leology and Geography 

Price, R., 1969, Flexural-slip folds in the Rocky 

Kountains, southern Alberta and British 

Columbia: Seminars in tectonics-IV, Dept- 

Geol. Sciences, -Queeh’s 'University, 

Kingston, Oat,, pI 6-17. 

Perry, U., Jr. and Uilsan, N., 1977, Oil and gas 

data in New River Gorge Area, West 

Virginia: U.S.G.S. Open Pile Rept. 

OF-77-76-G, 2 sheets.. 

Price, R., 1964, Plexural-sliF folds in the Rocky 

Hountains, southern Alberta and British 

Columbia: Seminars in tectonics-IV, Dept. 
L. 

Geol. Sciences, Queen's University, 

Kingston, Ont., p. 6-17, 

Price, R., 1967, The tectonic significance of 

mesoscopic subfabrics in the southern Rocky 

Hountains of Alberta and British Columbia: 

Can. Jour. Earth Sciences, V. 4, p. 39-70. 

Ransay, 3.. 1967, Folding and Fracturing of Rocks: 

RcGrau-Bill Book Co., New York, 568 p. 

Reches, 2.. and Johnson, A, R., 1976, A theory of 

concentric, kink and sinusoidal folding and 

of monoclinal flexing of compressible 

elastic multilayers. IV. assymmetric 

folding and monoclinal kinking: 

86 



I . 
r . . 

um j :I“ ‘. ’ 
‘,‘,‘VlJ Dr,,! . ~3 f‘ Geology and Geography 
Dee. 1,. '.; 8? 

i- 

. . 

L . 

! : 

j : 
L . 

Tectonophpsics, v. 35, p. 29%33u. 

Rodgers, J-, 1963, Hechanics of Appalachian 

foreland folding in Pennsylvania and Vest 

Virginia: AL Assoc, Petroleum Geologists 

. Bull., v- 4f, p- 1527-1536. 

Rodgers, J,, 1970, The Tectonics of the 

Appalachians: bieu York, Hiley, 271 pI 

Root, s., 1973, Sequence of faulting, southern 

Great Valley of Pennsylvania: Am. Jour- 

Sci,, v. 273, n. 1, p. 97-112. 

Boot, S, and tiilshusen, J,, 1977, Structure and 

engineering geology at the Eockville Cut: 

Pennsylvania GeoLogy, v. 8, no. 1, p. 2-6. 

Shockep, P., as, 1954, Some Aspects of the Surface 

Geology of the Northern Portion of the 

Burning Springs Anticline: 4. S- thesis, 

R. Va. Univ. 

Siegel, S., 1956, Nonparametric Statistics for the 

Behavioral Sciences: Nev York, HcGrau-Hill, 

312 p. 

Sites, R., 1978, Structural analysis of the Petersburg 

lineanent, central Appalachians: Ann arbor, 

flich,, Un'iv. Ricrofilas, 

Suartz, C-, 1923, Silurian: naryland Geologic 

Survey, 79U p. 



;;$u l( ,: 
[&c . ! !; ; :; .~~'~Geology and Geozrsphy 

wheeler, R. L., 1975, Geometric and kinematic 

analysis of folds in'the Upper Devonian 

Chemung Group, and relationships to 

processes forming major structures of the 

eastern Plateau province tabs,): Abstracts 

uith Programs, Geol, Sot- Amer., v. 7, XI- 

4, p- 548-549. 

aa 



;g ‘: ,\ * ,) 
i ;g 

Geology and Geography 
Dec. " !I i‘; 

89 

‘. 

r 

r-. 

i 

‘t 

I 

f 
! 1- 

APPENDIX I 

Location of field stations: ALate-tectonic 

extension faulting in the central Appalachiansa 

Station 1 - West side of the railroad tracks, -1 km 

north of Pinto, Allegany County, Harpland 

(outcrop described in Suartz, 1923), 

Station 2 - North side of the C 6 0 Canal, 10 ka 

south of the intersection of 0. S. 40 and 

Uoodmont Road, Roodmont, Allegany county, 

garyland, outcrop is 1 km east of Woodmont 

Road on Deneen Road and is described in 

Perry and de Uitt (1977), p. 33-39. 

Station 3 - North side of U, S. 40 in La Vale, . 

Maryland, Outcrop-is east of the La Vale 

Plaza shopping center and is described by 

de pitt and Dennison (1972) p. 63-68. 

Station 4 - East side of JS. S. 33, 4 km north of 

Riverton, Yest Virginia. Outcrop is across 

the road from the stream that drains the 

south side of Ketteraan's Knob and is 

described in Dennison and Naeqele (1963)., 

P- 37-39, 

Station 5 - North side of Holly neadovs Koad, S km 

north of Parsons, lest Virginia at bench 

mark 1579. 

Station 6 - Along the north side of I-64, 8 km iest 
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of Yhitz Sulphur Springs, Pest Virginia. 

First outcrop past west bound entrance to 

I-64 from U. S. 60 at the bridge over Wolf 

Creek. 

Station 7 - In au abandoned quarry, .1 km east of 

the intersection of 0. S, 33 and Y. Va. 

28, Pendleton county, iiest Virginia. 

Station 8 - Along Va. 39, Bath County, Virginia, -1 

km east of the Virginia/Uest Pirginia 

border. 

Station 9 - Yest side of“the railroad tracks, 3 km 

south of Cumberland, 'tlaryland, ,l km north 

of the Aocelle Corp. plant (outcrop 

described in Suartz, 1923). 

Station lo- Yest side of the railroad tracks, 3 km 

south of Cunberland, flaryland, .3 km south 

of the Allegany County Fairgrounds, 

Allegaay County, Naryland (outcrop 

described by Suartz, 1923). 

Station ll- North side of Teter Run, 3 km south of 

Circleville, vest Virginia and ;5 km east, 

up the dirt road into Teter Gap, -1 km east 

of the first cattle guard. 

Station 12 - East side of secondary Y, Va. 17, 
- 
first ex'posure east (-8 km) of intersection 
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with secondary I?, Va. 19, PeadSeton CountV, 

I 
\- 

Uest Virginia, 

Statioa 130 East side of seccndary P, Pa. 17, 

second exposure east .(t km) of intersection 

with secondary 0, Va, 79, Pendletoa COantp, 

West Virginia, 

Station 140 East side of secondary Y, Pa. 17, third 

exposure east (1.1 km) of intersection with 

secondary 51, Va, 19, Pendletoa County, Vest 

Virginia- 
- 

Statioa 150 First,outcrop on the south side of U. 

Va, 39, 1 km east of Buntersville, Yest 

Virginia at the spring. 

Station 160 North side of U. Va. 39, 1.1 km vest of 

Ilinnehaha Springs, Yest Virginia. Outcrop 

is . 1 km east of the bridge over the stream 

floving through Buzzard 80110~ and is 

pictured oa the cover of Cardvell (1975). 

91 

Station 170 North side of U, Va. 39, first outcrop 

(-3 km) vest of ninnehaha Springs, Yest Virginia- 

Statioa 180 along the south side of 1-64, 4 km 

southeast of white Sulphur Springs, Vest 

Virginia. Third outcrop east of the bridge 
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over the railroad tr,acks (outcrop described 

by King, 1973). 

Station 19- Along the south side of I-64, 3.5 km 

east of White Sulphur Springs, Yest 

Virginia, Fourth outcrop east of the 

bridge over the railroad tracks. 

Station iO- North side of P, Va, 28, 4 km north of 

Hopeville, Uest Virginia, -2 km east of 

Smoke Hole caverns (North Fork Gap). 

Outcrop figured in Sites (1978). 

Station 21- South side of Uolf Camp Run, -3 km west 

of the intersection of wolf CaPp Run Road 

and Pa. 96. outcrop described in de Uitt 

and Dennison (1972). p-72-73, Outcrop is .S 

km north of nadley, Pennsylvania. 

Station 22- North side of Cf. S. 40, 1 km east of 

the crest of Hartin Mountain, Allegheny 

County, naryland. 

Station 23- On the south side of the exit ramp, at 

the juncture of [I, S, 40 and U. S- 522, on 

the exit ramp of 13, S, 40 for eastbound 

traffic. Outcrop is 1 km vest of Hancock, 

flaryland. 

Station 24- Uest side of 0, S. '33, first outcrop (1 

km) north of the juncture o'f 0. S. 33 and 

Y. Va. 28, Pendleton County, Yest Virginia. 
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APPEIDIX II 

Location of field stations= 'Extension in kink-bands and on 

the lirbs of kink folds* 

Tipton, Pennsylmnia - This: outcrop is located on 

the notih side of the Pennsylvania 

secondarp road that extends fro5 U. S.‘ 220 

northwest through Tipton, Pennsylvania. It 

is the first vest of the town of Tipton. 

Uatts, Pennsylvania - This outcrop is located on 

the west side of Cl, S, 322, 3 ks north of . 

Amity Hall, Pennsylvania, ,l km nortfr of 

the entrance 'ramp from the secondary road 

through Uatts, Pennsylvania, this is t.he 

first entrance ranp north of Amity Ball. 

Northuabkland, Pennsylvania - This outcrop is 

located on the vest side of 0. S. 11, -1 km 

south of the bridga across the vest branch 

of the Susquehanah River into 

Northamberland, Pennsylvania. The outcrop 

is overgrown but is identifiable by the 

words "Susan + nattn spray painted on the 

outcrop. 
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Append;* III 

A note on the size of extension faults. 

flap-scale extension faults are large enouyh that body 

forces (gravity) become significant relative to the 

surface forces that form outcrop-scale extension faults. 

flechanics of faulting may differ between the tuo scales. 

Accordingly, the term extension fault and its companion 

term contraction fault may be limited to outcrop scale 

structures (W, Perry, Jr., oral communication, 1978). 

Although the'site at which gravity becomes significant is 

approximately 50 m (R, Wheeler, oral comaunication, 1978) 

I do not restrict usage in this thesis because I am not 

sure of the significance of this difference in mechanics 

of faulting. 

A note on the stratigraphy and sedimentology of the 

Brallier Formation 

Lundegard and others (1978) characterize the . 

Brallier Poraation as part of an overali thickening- and 

coarsening-upward sequence, containing megasequencss from 

3 to 51 m thick. They recognize six facies of the arallier, 

of uhich three constitute 80.percent of the area1 extent 

of the formation and contain lithologies I observed to 

contain extension faults and fractures, These three facies 

are: A) Alternating beds of siltstone, shale or mudstone; 

B) Bundles of siltstone and fine-grained sandstone with 

minor interbeds of shale or mudstone; C) Olive-gray mudstone 

or shale. 
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APPENDIX IV 

Contraction Fault Localities 

1) Rest side of the railroad tracks, ,l km north 

of.Pinto, Alleganp County, Haryland, 

2) Vest side of the railmad tracks, 3 km south 

of Cunberland, Maryland, .3 km south of the 

1’ 

j . 
Allegany County Pairgrounds, Allegany County, 

1 Mazyland (tuo contraction faults). 

i, 
1 3) North side of Holly Ueadous Road, 5 km north of 

L Parsons, Vest Virginia at bench mark 1579. 

i - 
. 

'c 
1)) East side of secondary U. Va, 17, 1 km east of 

I intersection with secondary.W. Va. 19, 

L. Pendleton County, Uest Virginia (two contraction faults). 

5) North side of U. Va. 39, first outcrop vest of 

flinnehaha Springs, Uest Virginia. 

6) North side of 0. Va, 20, 4 ka north of Hopeville, 

Uest Virginia, -5 km east of smoke Hole Cavern:; 

(North Fork Gap). 

7) West side of U. S, 33, 4 kn north of Riverton, 'Jest 

Virginia, Outcrop is across the road from Station U. 

8) East and vest sides of U, S, 322, 3 km north of Amity Hall, 

Patts, Pennsylvania. 
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